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Referat
The discovery of conducting and semiconducting polymers has opened the possibility to produce
integrated circuits entirely of plastic with standard continuous printing techniques. Nowadays
several of this polymers are commercial available, however the performances of this materials are
strongly affected by their supramolecular order achieved after deposition. In this research, the
influence of some standard printing techniques on the electrical performances of conjugated
polymers is evidenced in order to realise logic devices with these materials.
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1 Current situation of information technology (IT)
This chapter will present that electronic technologies in the XX century were mainly based on
inorganic materials, like metals as conductors and silicon as semiconductor. The terms, which
represented these technologies, were: rigid and hard materials, high-temperature processing, large
energy consumption, forcible cutting down fabrication techniques, huge capacity and ultra-high-
speed, and high reliability (1). Microelectronic knew an incredible growth and diffusion in the last
century, however, at the beginning of this century, it seems to have reached its mature state,
experiencing a slowdown, mainly due to the increase of circuit complexity and consequently to the
increase of production costs (2).
The discovery of organic conductors and semiconductors has
opened new frontiers to the development of electronic technology.
For this reason, key terms for electronics in the new century,
instead, are becoming complementary to those of the last century
(1). These terms include: soft and flexible materials using organic
materials, low-temperature processing in the range of stable
chemical bonds, energy saving, fabrication using the self-
organising nature of organic materials, medium-large capacity and
reasonably high speed, suitable for practical use by humans,
toughness and reliability.
Organic materials have the potential to play essential roles in
different classes of future electronic systems (3), examples can be
given by organic displays (4), ultra-high-density circuits that
incorporate molecular-scale switching elements (5) and new types of circuits that are lightweight
and mechanically flexible (6).
A further advantage is given by the possibility to dissolve the organic materials in solvents; thus
allowing applying cost-effective, high volume, continuous printing techniques in the production of
organic electronics, with great reductions in cost of the final device.
After a superficial analysis of the performances of organic materials, however, some people are
pessimistic about the future prospects of their success. The mechanical, thermal, and electrical
properties of organic semiconductors are quite different, and apparently lower, from those of
inorganic semiconductors (1, 7). The successes in the science and technology of inorganic
semiconductors during the latter half of the last century have been so brilliant that people are
Fig. 1.1 Microelectronic
technology is reaching its
mature state.
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accustomed to base their understanding of the electronic characteristics of any kind of material on
traditional semiconductor physics, which study hard and stable bulk materials with controllable
conductivity (1). On the other end, organic materials, including polymers, are intrinsically soft and
meta-stable materials (1). Controllability of electrical conductivity is assumed to be poor, even
though the science of conducting polymers and organic superconductors is well established.
Considering this, new concepts for approaching the problem of understanding and processing these
materials are required. The design concept, the production, the stability of organic devices should
not be discussed on the basis of inorganic bulks. After all, there is no common platform for
comparing the mechanical performance of steel and concrete with that of plastics and rubbers (1).
Starting from these concepts several subjects, involved in electronics development and production,
have begun to evaluate the possibility to develop organic electronics in parallel to the traditional
inorganic ones.
1.1 Trend in microelectronics
Since the discovery of the first transistor in 1947, the information
technology (IT) has experienced a very fast growth, finding
increasingly application in our everyday life and becoming a
phenomenal success. However, until now, its development has been
along a one-dimensional path only: all that has been done is in the
fields of signal processing and transmission. Very little has been
done in the direction of acquiring information and acting on it (e. g.,
sensor array networks are still limited to specific fields, and not so diffused). In these two directions
old technologies (as old as 70 years) have been left untouched, in use and dominance (2). For 50
years, the only keyword for microelectronic industry was miniaturisation, but now microelectronics
has come to a crossroad. It has reached the point where, continuing in this direction, we will see
exponential increase in costs (US$ 2 billion per IC factory in 1998, doubling every generation, or
every 3 years) and diminishing return (50% of revenue goes into the factory cost to start with). This
economical stress will expel from this field all but the largest companies. Standardisation will
dominate the products offer, and innovation from within will slow down (2).
When this happens, this technology will have entered its matured state. It is believable that, at this
point, new technologies will emerge and take off. Those, for instance, being expelled from the
market will have more reason/incentive to start the search for new alternative paths. In this way
previously under-attended areas of opportunities will be reassessed by new waves of innovation (2).
Fig. 1.2 The first transistor
in 1947.
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Another force of change for microelectronics will come from a much-needed change within
computers.
During the last few years, there have been many changes in computers, but they are basically very
small. After so many years, computing remains at bottom within the von Neumann's serial and
binary paradigm. That has brought microelectronics to two fundamental crises: wiring and power
dissipation. In the latest microprocessors, there are about 2 km of wires and about 10 W of
dissipation per cm2. These figures will only go up in proportion to increasing integration density
and speed. The crises, already hard to handle, will get worse to impossible in the future (10x smaller
line width, 100x greater density, and 10x or more frequency by 2010-2015) (2).
Von Neumann himself, in his later years, advocated non-serial (massively parallel) and non-binary
(analogue or the like) computing, in order to overcome these crises. An example is the human brain,
which does more computations than even the most powerful digital computers, yet it consumes far
less power (~4 W) (2), and it is based on organic materials, as everyone knows.
1.2 Back to macroelectronics
As said before, a lot could still be done by
electronics in the field of acquiring
information on one side, and acting on
information on the other side. The emerging
technology that nowadays is expanding in
these two directions is macroelectronics,
which has become a standalone field of
electronics research (2, 8). It seems that
during the next years, emphasis will be
placed on areas that are important for the successful implementation of electronics whose utility
stems not from small dimensions, but from other physical attributes such as form factor and cost,
for instance the possibility to propose devices based on large area and/or flexible electronics. As an
extreme, it can be envisioned a future where macroelectronics plays a major role in the electronic
system landscape. While the disparity in performance between existing (and future) technology
would seem to make this unlikely, the extreme cost pressure being experienced by the worldwide IC
industry at least raises the question of alternative approaches. If the device performance can
improve significantly, and at the same time the promise of low cost manufacturing can be realised,
then macroelectronics will play its part (8).
Fig. 1.3 New generations of electronics, expanding
in the areas of acquiring and executing on
information, like new kinds of sensors and
displays, are expected.
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An example that can highlight the advantages in using this new technology are military needs,
despite the almost insignificant role-played by them in commercial IC business. Many of the most
demanding military electronics applications have space, weight, and power (SWAP) constraints,
while at the same time the cost must be kept affordable if the overall system is to be viable. Thus,
novel technologies that address both the SWAP and cost factors of future electronics are key
elements in maintaining a dominant position in electronics technology. Devices that can be
fabricated by techniques based on printing technology, rather then the costly lithographic methods
used today, could result in lower cost electronics, but the ability to print over wide areas on flexible
substrates would provide a distributed electronics capability (8). This would allow for electronics
for diagnostic/control/sensor applications. Further with a flexible substrate, the electronics package
might be folded or rolled up for storage when not operational. By reducing cost and complexity of
electronics and using a flexible substrate, it becomes easier to distribute the overall electronics
package over an entire structure or area. The potential of flexible electronics ranges from
lightweight, rugged, and bendable electronics to the ultimate in low-cost manufacturing through
roll-to-roll fabrication (8).
While displays are perhaps the best-known example of this application (acting on info), the focus
will be also on other potential applications such as smart cards, RF (Radio Frequency) tag, and
sensor array networks (acquiring info) (8).
Organic conductors and semiconductors seem to be the right materials combining all the
requirements listed above, since they are flexible, lightweight, and solution processable like printing
inks.
1.3 Plastic electronics
In 1953 Akamatsu et al. observed large dark conductivity in organic van der Waals solids composed
of aromatic hydrocarbons, when those materials were doped with halogens (9). This announcement
opened the possibility of introducing a large current flow in organic materials, at the same time
making them possible materials for building innovative electronics. By the discovery and
understanding of conducting and semiconducting properties in polymers, Alan J. Heeger, Alan G.
MacDiarmid, and Hideki Shirakawa have won the Nobel Prize in the year 2000 (10). Their
discovery brought new classes of polymers able to conduct current when doped, to show
semiconducting properties, and emit light when excited. After this, it is now certain that in the near
future macroelectronics based on organic materials will change our everyday life.
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1.3.1 Organic light emitting diodes (OLEDs) and organic displays
During the last century,
human kind has gone to
great efforts to develop a
variety of artificial lighting
devices for illumination
after sunset, such as gas
lamps, electric light bulbs,
fluorescent lamps, neon
lamps, cathode-ray tubes,
inorganic light-emitting
diodes, and semiconductor
lasers. However, every
artificial light source
developed in the last
century was based on quite
simple mechanisms for producing visible light: incandescence, short wavelength edge blackbody
radiation from high-temperature substances, or light emission from exited states of atoms or
inorganic solids. A variety of colours of living beings, instead, are based essentially on the
reflection and on the transmission between excited and ground states of molecular orbitals of
covalently bonded molecules, although they usually emit no light by themselves. Some kinds of
animals and plants, such as
moonlight mushrooms,
luminous bacteria, lantern
fishes, sea fireflies, firefly
squids, fireflies, and
railroad worms have the
ability to continuously
illuminate the dark. All the
attempts of the most
advanced technology failed
to imitate the light mechanisms of such kinds of living beings, until the end of the 20th century,
when the technology of the organic LED (light emitting diodes), which are an artificial version of
living things, was successfully established (1).
Fig. 1.4 Development of lighting techniques trough the centuries (1).
Fig. 1.5 New displays will change the way of interacting with everyday
objects.
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This allowed researchers to develop displays inconceivable before, which look and feel like
conventional printed paper. They will alter not only the way we use and interact with laptop
computers, personal digital assistants, and cellular
telephones, but also our notions of newspapers, magazines,
greetings cards, and even cereal boxes, bumper stickers, and
wallpaper (11).
Electronic paper is a thin, high-contrast, reflective display
that can be flexed, bent, rolled-up, and folded. A portable
computer that uses this technology will resemble a pad of
paper more closely than a standard laptop. Future printed
paper products will retain the attractive appearance of conventional ink on paper but will be
reconfigurable and reusable. A newspaper, for example, will consist of one or several sheets of
electronic paper onto which information content, including animated images, will be downloaded
through the wireless internet (11).
The technologies required for paperlike displays are just beginning to emerge from research
laboratories in the form of realistic prototypes. The first sheets of electronic paper were already
demonstrated by Bell Labs and E Ink Corporation at the Fall 2000 meeting of the Material Research
Society (11).
Moreover, also the first hybrid inorganic-organic displays are starting to appear as commercial
products. Examples are given by Osram's organic monochromatic display "Pictivatm" (fig.1.7) and
Philips' full colour organic display presented in 2003 (fig. 1.8).
Fig. 1.6 Organic displays will be
placed almost everywere.
Fig. 1.8 Philips' full colour organic
display.
Fig. 1.7 Osram's mini TV based on the
monochromatic organic display Pictivatm.
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1.3.2 Organic integrated circuits
It is also predictable that in a few years the first organic integrated circuits will reach market
maturity. In their case, even a bigger market will open. Their expected performance is considerably
lower than that of silicon electronics. Although a plastic computer is not to be expected in the near
future, plastic chips already present some advantages that will introduce them almost everywhere.
These advantages are:
♦ low cost; therefore single use and disposable electronic products can be thought of
♦ A thin, flexible set up; the chips can be stuck on like a plastic foil or integrated, and do not
occupy space
♦ A short time for development; electronics can be developed as quickly as printing media.
Because of these characteristics, organic chips will be applied where today electronics are not
available yet. In the near future, one can envision that intelligent packaging, electronic toys in give-
Electronic
check-out
Electronic bar code
plastic transistor
Functional polymers
Transmitter /
receiver
reads information of
electronic barcodes
Electronic
payment
and
logistics
Shopping trolley Sender / Receiver Picture: new world
Fig. 1.9 Future applications for new electronics will greatly interest logistics.
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aways and promotional gifts, wearable electronics in garments or electronic barcodes on every kind
of goods, will enter our life (12).
One of the most interesting applications are radio frequency identification tags (RFID tags). They
consist of a coil, over which, by inductive coupling, a transmitting/reading device emits radio waves
at a certain frequency (typically 125 kHz or 13.56 MHz) (12). The coil is tuned to the
corresponding resonant frequency by a capacitor. Through a rectifier, a chip is supplied with power
for reading, which then can determine its stored information and give it back over the coil to the
receiver device without contact (13).
RFID tags are already frequently applied today, for instance in the ski card, which is readable
without contact. There is no question that transponders are much more versatile than barcodes. They
can store a greater volume of data, and can communicate information through their antennas. The
silicone based ones have still one critical drawback: they cost much more than a barcode, which
merely needs to be printed on the product (14).
Organic RFID tags could combine the advantages of the two systems, allowing electronics to be
printed everywhere. In this case they can be integrated invisibly in check cards, cases, packing or
clothing, and they can also conquer more and more space in markets where conventional Si-chips
are already available. Automatic production and logistics could use these systems to great
advantage, e. g. in electronic tickets or as replacement for the electronic bar code in supermarkets
(12, 13). One can foresee a scenario in which we will no longer have to put our goods on the
conveyor line at the supermarket checkout counter, but to simply pass a reading device with our
shopping basket, which is similar to the metal detector at the airport check-in (fig. 1.9) (12). Such a
reading device could also be integrated in household refrigerators. They would recognise what
products they contain and whether the expiry date of the products has already been exceeded. Thus,
it would allow objects to communicate with each other. Such scenarios could be called "internet of
things" or "thing to thing".
If from a technical point of view this is already possible today, however, it will only become
feasible with extremely low cost electronics (12).
1.4 Economical advantages of printing processes
The first applications and products of organic electronics, which are now appearing on the market,
are pushing research not only in the direction of developing the chemical and physical properties of
the materials, but also in the direction of finding suitable production technologies. Until now
traditional microelectronic technologies were applied also to the production of new organic devices.
However these technologies were developed for the specific conditions of Silicon electronics.
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Organic materials, instead, have completely different requirements. Polymers in particular, besides
their mechanical properties, such as flexibility, are solution processable. This opens the possibility
of structuring electronics with printing techniques on a flexible substrate, using a continuous roll-to-
roll process. The interest in using printing techniques is extremely high due to the high productivity
of these processes (15).
It is interesting to compare today's volume of production of a modern microelectronic factory with
the production of standard printing presses. While with microelectronic technology, it is possible to
process wafers with diameters of 30 cm, a production speed of 6,000 wafer/week, and a processed
area of ~88,000 m2/year, with a large gravure web printing press it is possible to print on a substrate
with a width of 3.80 m and at a speed of 15 m/s, resulting in a processed area of 205,000 m2/h (tab
1.1). Thus a large gravure printing press could process in 26 min the same area processed by a
microelectronic factory in 1 year (15).
Considering also that the price for building a new chip production plant is 4 billions €, and the price
for a new gravure press installation is about 40 million €, the printing techniques present an
investment advantage in the range of 1.5×102 (15).
The other side of the coin is that printing techniques were developed to satisfy the visual capability
of the human eye, which is limited to ∼50 µm. In order to achieve a sufficient quantity of grey
levels, the smallest pixels needed have a lateral width of 15 µm. In inorganic microelectronics,
instead, structures below 100 nm are becoming common.
Si-wafer
production
plant*
Sheet feed offset
printing press
[format 3B]**
Web offset printing
press [32p short
grain]**
Gravure web printing press
[max. format]**
Wafer diameter [cm] 30 - - -
Substrate width [m] - 1.02 1.26 3.80
[wafer/week] 6,000 - - -Production
speed [m/s] - 3 15 15
[m2/year] ~88,000 ~96,360,000 ~595,680,000 ~42,025,000,000Processed
area [m2/h] ~10 ~11,000 ~68,000 ~205,000
Printing time [h] for
equaling 1 year Si-wafer
production
- ~8:00 ~1:18 ~0:26
Tab. 1.1: Comparison between Silicon based microelectronic factory production and printing presses. * Data
from the new factory of Infineon AG in Dresden, Germany. ** Typical figures including a 30% reduction in
make-ready time, etc (15).
For these reasons competition between the performances of plastic electronics and inorganic
electronics is not possible in the near future. What is foreseeable, however, is a coexistence of the
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two technologies, where plastic electronics will cover that segment of the electronic market in
which low complexity and low prices are required, on the other end, traditional electronic will cover
the segment in which higher performances are required, and higher costs can be tolerated (fig.
1.10).
In this perspective, efforts should not be made only in the direction to increase the resolution of
printing techniques or in developing circuit architectures suitable for organic materials, but also in
improving the chemical synthesis of the materials and in studying how the electrical properties of
these materials are modified by the process of deposition.
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Fig. 1.10 Plastic electronics are economical for chips with low complexity (source: PolyIC).
2 Operational basics of an organic field effect
transistor
In the previous chapter, it has been shown that in the last 30 years a new microelectronics parallel to
the silicon-one is emerging. This new microelectronics is based on organic conducting and
semiconducting materials and it will bring innovative light and bendable devices, produced with
printing techniques at very low costs.
However the logic circuits, which will drive the new organic devices, will also be based on
transistors, like the traditional inorganic ones. In this chapter some basic characteristics of the
transistors are explained, with a particular regard to the organic ones. The aim of the following
paragraphs is to present to the reader a fast overview on how a transistor is structured and which
quantities are considered for characterising them.
Starting from the structure of a transistor, its basic operation will be explained. Then the quantities
that should be considered for evaluating the performances of a transistor will be briefly presented
(these quantities and their relationships are also known as output characteristics). Once the output
characteristics are known, one can then describe the behaviour of a transistor with analytical or
numerical models.
2.1 Structure of the FETs
The organic field effect transistor (OFET) is,
like the inorganic one, a three-terminal
device in which the current flow through two
terminals is controlled at the third. The two
electrodes, through which the current flows,
(fig. 2.1) are called source (S) and drain (D).
Parameters for defining their geometry are:
the distance which parts them, called channel
length (L), and the length of overlapping
between them, called channel width (Z). In
the geometric layout of fig. 2.1, the total
L
1/10 Z
Source Drain
Fig. 2.1 Typical layout of inter-digital drain-source
electrodes, the channel width being 1/10 of the total.
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number of overlapping is 10, the same as the number of channels between the electrodes. For this
reason, the total value of the channel width is 10 times the value of a single one.
The region between S and D is filled with the semiconductor (Fig. 2.2), which provides the switch
able electrical connection between S and D. The third electrode, called gate (G), is separated from
the semiconductor by an insulator, and, together with this insulator, acts as a capacitor.
Two different configurations are possible for the
gate: top gate, in which, as in fig. 2.2, the gate is
on the top of the device, and bottom gate, where
the gate is positioned at the bottom. Furthermore,
for the S/D contacts two configurations are also
possible: top contact, where they are placed upon
the semiconductor, and bottom contact, where
they are below it (as in fig.2.2).
The configuration and the working principles of
an OFET are, normally, similar to a TFT (thin-
film transistor), which works in an enhancement
mode, while a typical inorganic MOSFET (metal-
oxide-semiconductor FET), on the other hand,
works in an inversion mode. For this reason the following discussion will be based on the models
developed for TFTs
The OFETs could be divided into two families, according to the kind of charges transported by the
semiconductor. In semiconductors with n-type channel, the charges transported by them are
negative (electrons), while on the other hand, in semiconductors with p-type channel, the charges
transported are positive (holes). Organic semiconductors with p-type channel are the most used for
building organic transistors, due to their higher stability under ambient conditions, when compared
to the n-type ones.
Here following, the basic operation of a transistor will be briefly described, considering the roles
played by each component of it.
2.2 Basic operation of an OFET
When we consider for instance a p-channel OFET working in an enhancement mode, the gate bias
controls the switch between a conducting state and a non-conducting state of the device. When the
gate bias is zero, the gate and source are both at zero potential (or grounded), ideally, under such
bias conditions, there are no charge carriers in the channel region between the source and the drain.
Fig. 2.2 Schematic representation of a top
gate FET with bottom contacts.
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Under these conditions, the application of a drain bias (e.g. VDS < 0) does not lead to significant
currents flowing between the source and drain (16). The current that does flow is called the off
current. When the (negative) gate bias is increased in magnitude, charges are induced in the channel
through the source electrode, which is always grounded. This charge induction is simply an
electrostatic effect, and the density of the total induced charge is given by CiVGS where Ci is the gate
insulator capacitance per unit area. In some cases, some of the gate field-induced charges in the
organic semiconductors are trapped and do not contribute to the conductivity of the channel, thus
decreasing the efficiency of the device. This charge trapping has different origins: some of them are
due to a bad contact between insulator and semiconductor, others to impurities both at the interface
between these two and in the semiconductor, which will obstacle the charge flow in the channel. A
disordered structure of the semiconductor could also cause a charge trapping.
The free charges induced by the gate field increase the conductivity of the channel leading to an
increase in the drain-source current (16). For relatively small drain-source voltages, the drain-source
current increases linearly with voltage for a fixed gate voltage. This regime, in which the channel
behaves as if it was an ohmic resistor, is called the linear region. Further increase of the drain-
source voltage causes the field-induced charge to be forced away from the drain electrode and a
depletion region forms between the source and the field-induced charge. This is called the
saturation region, and the drain-source current ideally remains constant even when the drain-source
voltage is increased (16).
2.3 Output characteristics modelling of OFETs
Such behaviour of the device can be
clearly described as plotting the
drain/source current in function of the
drain/source voltage, at various gate
biases (fig. 2.3). For a fixed gate bias,
the linear regime can easily be seen in
the plot at low D/S voltages. In this
region the D/S current increases
linearly, resembling the behaviour of
an ohmic resistor.
Increasing the D/S voltage, the D/S
current reaches an asymptotic behaviour parallel to the abscissa, in this case the channel has reached
saturation and the D/S current remains constant with further increases of the D/S voltages.
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Fig. 2.3 Typical current-voltage characteristic of an OFET.
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An important parameter to consider is also the transfer characteristic, which is the relation between
D/S current and G/S voltage (fig. 2.4). Normally in the graphics, this is plotted considering the
square root of the D/S current against the G/S voltage. In this latter case the curve has a part with a
linear behaviour. The intercept of the tangent to this linear part of the curve with the axis of abscissa
gives the value of the threshold voltage
(VT), which is an important parameter
required by the models described
afterwards. However, it should be noted
that using a graphic method to obtain such
value from the plot, a high precision in the
result couldn't be achieved.
The development of microelectronics
would not have been possible without the
modelling of silicon devices. Similarly, it is
also possible to simulate the characteristics
of the organic transistor with the help of
analytical modelling, using few relatively simple equations derived from the basic physics of the
operation of the field-effect transistor.
Modelling of OFETs, however, is currently hampered by several features. First, the charge transport
in organic semiconductors is still not well understood. Although there is a general agreement that it
occurs via hopping between localized states, the exact nature of these hops is still controversial
(chap. 3). Second, there are great differences between the behaviour of OFETs made from different
compounds: for instance, polymers do not behave like small molecules. Furthermore, the mode of
preparation of the device seems to strongly affect its final performance (17).
It is necessary to make some approximations in order to obtain closed form expressions for the
transistor drain current (ID). Such modelling quite accurately reproduces the on-current
characteristics in both the linear and saturation regions.
2.3.1 Analytical modelling
Under the hypothesis of having metal electrodes, or organic electrodes showing almost metal
conductivity, analytical modelling proposed by Torsi et al. (18) and by Horowitz et al. (17, 19),
using approaches analogous to that employed in the modelling of amorphous silicon thin film
transistors, (TFTs) led to results which agreed quite well with experiments. The concept of the TFT
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was first introduced by Weimer in 1962 (20). This structure is well adapted to low conductivity
materials, and is now currently used in amorphous silicon transistors (21).
Torsi et al. calculated the current-voltage characteristics of short-channel organic TFTs, starting
from the solution of the drain current equation for an enhancement mode p-channel MOSFET (16,
21 ):
∫
−
−=
D
indindD
V
dVnn
L
ZqI
0
)(µ                                                            (1)
where:
q
VVC
n
TGi
ind
)( −
=                                                                           (2)
and, as previously defined, Z is the channel width and L is the channel length. ID and VD are,
respectively, drain-source current and voltage, nind is the induced surface charge concentration in
the channel per unit area, VG and VT are gate and threshold voltages. q is the elemental charge, Ci is
the gate insulator capacitance per unit area, and µ is the field-effect mobility of the charge carriers.
VT is positive in the case of lightly p-doped semiconductor, since, at zero gate bias, the device is not
totally insulating due to the p-type conductivity of the organic layer. It is also assumed that none of
the induced charges is trapped. Short channel conditions exist when the lengthwise electric field
becomes consolable with the transversal one. When this happens, the potential distribution in the
channel region, as well as the electric field, becomes two-dimensional and the gradual channel
approximation is no longer valid. The TFT is then equivalent to an intrinsic TFT of channel length
L1 = L-∆L in series with an effective p-i-p diode of variable length ∆L (17-19, 21). A model of I-V
characteristic for short-channel TFTs has to take into account both the effect caused by the
shortening of the channel length (∆L) as well as associated parasitic resistance (Rp). This resistance
is in series with the intrinsic TFT channel resistance. Since ∆L is the pinched-off portion of the
channel, both of these effects have to be considered only at large drain voltages (VD > satDV ). In the
∆L channel region, for VD > satDV , a regime of space-charge-limited current is established and
carrier transport in such a regime may be different from the rest of the channel. If the parasitic
resistance (Rp) becomes comparable to the channel on-resistance, it will affect the transconductance
of the TFT.
In the saturation region (VD > satDV ) the integration of Eq. (1) in the short-channel approximation
gives:
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For long channel FETs, ∆L = 0 and Eq. (3) is reduced to the familiar expression for drain current in
the saturation region. In the linear region ( satDD VV ≤ ) the integration of Eq. (1), gives:

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It is interesting to notice that the drain current depends on several factors, both geometrical and
chemical, first of all on the geometry of the S/D electrodes. In fact, ID is proportional to the channel
width (Z) and inversely proportional to the channel length (L). A contribution is given also by the
insulator, whose capacitance (Ci) depends on its dielectric constant, that is a property of the
material, and on its thickness, which instead is a property of the geometry of the device. Last but
not least, it is influenced by the charge carrier mobility (µ), which is an intrinsic property of the
semiconductor, and depends on its synthesis and on how it was processed.
2.3.2 Numerical modelling
For completeness, a brief description of the numerical modelling is added. This modelling is also
described as a powerful technique in attaining a detailed understanding of the transistor
characteristics above and below threshold (22). There are many numerical simulation programs
available, including some that are 2-dimensional. In 2-dimensional simulators, the fundamental
device equations are solved self consistently along the channel length (first dimension) and
perpendicular to the channel (second dimension). The parameters are assumed not to vary along the
third dimension (along the channel width). This assumption is valid for large Z/L transistors. The
fundamental equations used in numerical modelling are:
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where:
nqDqJ nnn ∇+∇−= ϕµ                                                                (8)
pqDqJ ppp ∇−∇−= ϕµ                                                               (9)
Eq. (5) is Poison's equation, Eq. (6) and (7) are known as continuity equations, in which G and R
are the charge generation and recombination rates respectively (both assumed to be zero in organic
FETs), and Eq. (8) and (9) are current density equations. p is the total hole/positive charge density,
and n is the total electron/negative charge density. ε is the dielectric constant, q is the elemental
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charge, ϕ is the potential, Jn and Jp are the electron and hole current densities, and µn and µp are the
electron and hole mobilities. Dn and Dp are the diffusion coefficients which are assumed to be
related to the respective mobilities through the Einstein relation D/µ = kT/q. Equations (5)-(9) are
solved numerically after including the appropriate boundary conditions (S, D, and G potentials) and
dimensions (23).
2.3.3 Interface effects
The location of the field-induced charge can be calculated with the help of the models already
shown (22). Considering the distribution of charges normal to the plane of the semiconductor-
dielectric interface, most of the field-induced charges are located very close to this interface at
moderately high gate fields. This finding is also supported by experimental data gathered from a
series of α-sextytiophene (α-6T) TFTs with differing active layer thickness. The field-induced
conductivity is approximately the same for active thickness ranging from 5 nm to 150 nm (24). The
α-6T molecules are oriented in such a way that the long axis is approximately perpendicular to the
plane of the interface with the gate insulator. Thus, a thickness of 5 nm corresponds to only two
molecular layers. The location of most of the field-induced charges emphasizes the importance of
the semiconductor/insulator interface and the molecular ordering near this interface (22).
The importance of the nature of the semiconductor/gate insulator for organic transistor performance
was first noted by Haddon et al. in C60 FETs (25). In these FETs the measured mobility was 0.08
cm2V-1s-1, when the C60 was deposited directly on the gate insulator (SiO2). In devices in which the
insulator surface was treated with tetrakis(dimethylamino)ethylene before depositing the C60, the
mobility increased by a factor of nearly 4 (to 0.3 cm2V-1s-1), and the trap density and threshold
voltage were reduced. Qualitatively similar improvements in field-effect mobility were reported by
Lin et al. in pentacene FETs, in which the interface between the organic semiconductor and the gate
dielectric was treated with a self organising monolayer of octadecyltrichlorosilane (OTS) (26). This
treatment was found to result in an improvement of mobility in factor 2. These examples illustrate
the importance of interfaces and interface treatment for improving the characteristics of organic
TFTs. (22).
2.3.4 Short-channel effects
Knowledge of the distribution of the electric field in the channel is very useful for a number of
reasons. In many organic materials, the mobility is electric field dependent, and an accurate model
of the current-voltage characteristics must consider the influence of the electric field on the
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mobility. For a α-6T TFT, with a channel length L = 1.5 µm and a gate dielectric thickness of 300
nm, the I-V characteristics exhibit pronounced short-channel effects. As already noticed, short-
channel effects are a set of effects which become prominent when the electric field along the
channel becomes comparable to the gate field (perpendicular to the channel). The main effects on
the transistor characteristics are that the saturation characteristics are adversely affected, and, the
subthreshold current is increased (22).
One way to mitigate the magnitude of short-channel effects (for a given channel length) is to lower
the gate dielectric thickness. This lowers the drain voltage required for saturation and therefore
reduces the extent of short channel effects.
2.3.5 Charge carrier mobility
Since 1991, the Thiais group has developed a charge transport model based on the multiple trapping
and release (MTR) model, which is commonly used in amorphous silicon TFTs (19, 27). A
prominent feature shared by amorphous silicon TFTs and OFETs is that the field-effect mobility is
gate bias dependent. This can be understood by recalling that a TFT operates in the accumulation
regime, which means that, when the gate bias is increased, the Fermi level gradually approaches the
nearest delocalized band edge. In amorphous silicon, there exists, near the delocalized bands, an
important density of localized levels, which act as traps for charge carriers (21). At low gate bias,
nearly all induced charges go to the delocalized levels, where their mobility is very low. With an
increase of the gate voltage, the Fermi level approaches the delocalized band and more traps are
filled, which leads to an increase of the concentration of mobile carriers in the delocalized levels.
Therefore, the effective mobility increases.
Horowitz et al. (17) proposed to calculate the mobility from the linear regime using the following
equation from transfer curve at very low drain voltage:
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In the case of 6T- and dihexyl-6T- (DH6T) based OFETs, it was observed that µ was gate bias
dependent. Measurements of the temperature dependence of the mobility showed that it was
thermally activated, with a gate-bias-dependent activation energy. These results were used to
estimate the energy profile of the density of localized states, and the "trap-free" mobility, that is, the
mobility corresponding to a high gate bias, at which all traps are filled. Interestingly, a similar trap-
free mobility in 6T and DH6T was found, despite the fact that the effective mobility of the former is
ten times lower than that of the latter. However, the magnitude of this trap-free mobility, namely
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0.04 cm2V-1s-1, was still too low to correspond to transport in delocalized states, and a model based
on the MTR model is probably not fully justified in this case.
Later a similar behaviour has been reported in pentacene by Brown et al. (28). They also used the
transconductance (Eq. 10) at low drain voltage to calculate the mobility, and found a gate bias
dependence of both the mobility and its activation energy. This was interpreted in the frame of a
polaronic hopping transport, so that the activation energy was identified as the polaron binding
energy. Once more, the variation of the activation energy is attributed to disorder, which induces
deep localized levels. These levels are the first to be occupied at low gate bias. Increasing the gate
bias moves the Fermi level to the polaronic levels, which are those seen at high gate voltages.
The Bell Labs group has reported a significantly different behaviour for 6T (29). In fact, they
estimated the mobility from the saturation current:
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This method does not give access to a possible gate voltage dependence. When the temperature is
lowered, a decrease of the mobility is detected as well. The activation energy is in reasonable
agreement with previous reports. The remarkable point is that at temperatures lower than ~50 K,
they observe a dramatic rise of the mobility, which then stabilizes at a value close to that measured
at room temperature. The sharp transition is interpreted within Holstein's polaron model, and it
marks the passing from the hopping regime at high temperature, to the band regime at low
temperature. However, this phenomenon needs further confirmation and particularly measurements
through methods other than the field effect.
The equations developed by Sze (23) and applied at Siemens' laboratories, for both the linear and
saturation regime, are the following:
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Equation 12 derives from the output characteristic and equation 13 from the transfer characteristic.
In any case, the mobility calculated at saturation give a higher value with respect to the one
calculated the in linear regime, and it is more close to the real one attainable by the material. It
should be marked the importance to have quite different values between VG and VT for not zeroing
the denominator of Equation (13).
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2.3.6 Sub-threshold characteristics
The sub-threshold characteristics of a FET are important in many circuit applications. The
behaviour of the drain-source current below threshold depends on a number of factors such as the
channel potential profile, interface states and morphology, doping and bulk trap density in the
organic semiconductor. In highly purified α-6T synthesised by Katz et al., the threshold voltage
was almost zero (30). More generally, most oligothiophenes and polythiophenes are slightly doped
and the threshold voltage is positive. However, some polymers well purified could also show a
negative threshold voltage, like in the case of polyterthiophenes, synthesised by Gallazzi et al. (31,
32). The sub-threshold swing, which is a measure of how rapidly the drain current increases with
the gate voltage just below threshold, can be computed numerically. A small sub-threshold swing
value is very desirable, and Lin et al. have reported on being able to control the sub-threshold slope
in pentacene FETs by the use of interfacial layers such as OTS (26).
2.3.7 Other important parameters for building circuits
These output characteristics are the basis for extrapolating other important parameters that should
be considered when integrating the transistor in a logic circuit.
The on/off ratio, which is defined as the ratio between the on-current, taken at an arbitrary VG (e.g.,
the maximum VG reached in the current voltage characteristic of the transistor) and the off-current
(ID at VD = 0):
On/off ratio = ( )( )0=GD
GD
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                                                         (5)
The higher the ratio, the better the transistor works as electrically driven switch, even if the overall
value of the current flow is less when compared to another circuit made with a material which has
higher µ, but lower on/off ratio.
Another important parameter for defining the speed of the transistor is the saturation, defined as
following.
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Where:
VG max is the gate voltage with an arbitrary value
ID max = ID (VG = VD at the same value)
It is also important in this case to reach the saturation as fast as possible in order not to compromise
the overall speed of the logic circuit.
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Dealing with non-ideal organic transistors, where the insulator is also organic, care should be taken
to reduce the leakage current. This effect is due to parasitic currents, which could be present in the
insulator, and which could generate short-circuits between the source and the gate. If this happens,
there is an increase in the off-current, and the whole logic capability of the circuit becomes
problematic.
3 Conjugated polymers
The new class of organic materials, which allowed thinking to renew microelectronics or, at least, to
develop a parallel one, presents a particular orbital conformation called conjugation, from which the
name of conjugated materials, given to the entire class, derives. The term conjugation indicates an
alternation of single and double bonds inside the molecule, where the pi bonds of the double ones
are delocalized. The example of benzene is typical. Thanks to this particular orbital configuration,
conjugated materials can have semiconducting and, in particular conditions, conducting behaviours.
This property is present not only in small molecules, but also in polymers and these later, when they
are also soluble, become interesting semiconductors and conductors processable from solution.
The mechanism, which permits electrical conduction in these materials, is, until now, not
completely understood and described. However, several theories and models have been proposed
and are still discussed.
In the following paragraphs an overview of the most accepted theories about conduction in organic
materials is presented. Due to the complexity of the argument, the approach, chosen for writing this
chapter, is focused more to give a qualitative description of the phenomenon considered than to give
a complex physical-mathematical description. The aim, in fact, is to help the reader to understand
which mechanisms allow the electrical charges to move in the bulk of these materials (in particular
polymers), and to make him aware of the problems arising in analysing and describing such
intrinsically disordered systems.
Insulating semiconducting and conducting properties will be explained with the help of band theory.
Shifting form simple organic materials to polymers, a more complex picture should be described.
The introduction of concepts like the domain-wall, solitons, polarons and multipolarons helped a lot
in this task.
However, polymers present a high degree of disorder in their structure (typically they have a
polycrystalline structure), which will greatly affect the electrical properties. Such disorder will bring
inhomogeneous metallic states in polyconjugated materials, causing a transition from a metallic
behaviour to an insulating one. Starting from good materials, properly purified, then the control of
the disorder in polymers used in organic electronics becomes fundamental for producing
competitive devices. A successful developing of a production process cannot be made without
having a clear picture about the conduction mechanisms, the effect of the deposition technique on
the disorder of the polymer and, as consequence, the influence of this technique on the electrical
properties of the active layer obtained.
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3.1 Band theory
To explain why a generic
material is insulating,
semiconducting or
conducting, the band theory
could be helpful. In a solid
material, when a great
number of atoms (as in
elemental metals or
semiconductors) or
molecules (as in organic
metals) are brought together
into a crystalline solid, the
electronic states mix so as to
form bands (that is a
restricted range of allowed
energies for electrons), each
band consisting of electronic
states whose energies form a
continuous range. This is analogous to the splitting of atomic energy levels, when two atoms are
brought together to form a molecule with higher and lower energy levels (also known as bonding
and anti-bonding orbitals) (33).
With the combination of about 1020 atoms and translational periodicity, energy levels are
continuous over a range called the bandwidth. In fact, usually more than one band is available. The
bands may overlap in energy or there may be an energy gap, that is, a range of forbidden energies.
In band theory the appropriate quantum number is called wave vector (k); it represents the
momentum of the electron (33).
Band filling can be thought similar to the Aufbau principle for atoms: electrons are placed in the
lowest energy states, and then succeeding higher energy states are filled. The highest state occupied,
at T = 0, is called Fermi level. Only those states that are near in energy to the Fermi level are readily
accessible and influence physical properties. Promoting an electron into empty states far above the
Fermi level simply requires too much energy (33).
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Fig. 3.1 Schematic representation of the allowed energy states for an
insulator, semiconductor, and metal. The boxes indicate the allowed
energy regions. Coloured areas represent regions filled with electrons.
Regions between the boxes represent forbidden energy levels and Eg is
the energy gap between filled and empty states (33).
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If the highest filled band (often called the valence band) is only partially full, empty states will exist
infinitesimally close to the Fermi level, and those electrons nearby in energy can take part, for
example, in electrical conduction. On the other hand, if the highest filled band is entirely full, and
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Fig. 3.2 According to Hückel theory, if two p basis functions are allowed to interact on ethylene, two new
molecular orbitals are formed with an energy separation of 2β. If the pi-bonding and pi*-antibonding
orbitals of two ethylene molecules stacked directly one above the other are allowed to interact, two sets of
two molecular orbitals are formed, separated in energy by 2t, where t is the resonance or transfer integral.
If n ethylene molecules are allowed to interact, n states are formed from each of the pi and pi* orbitals. Into
each of these bands with n states can be placed 2n electrons. In this case the band formed by the HOMO of
ethylene is entirely full and the band formed by the LUMO is entirely empty (denoted by the solid and
empty boxes, respectively). This band filling corresponds to either an insulator or a semiconductor,
depending on the energy separation between the two bands (33).
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there is some band gap between it and the next lower band (conduction band), then a relatively large
energy (compared to the available thermal energy) will be needed to put electrons into states in
which they will be available for conduction and in which they may influence other properties (33).
Metallic conduction is associated with incompletely filled bands, which have a large number of
electrons available for conduction. The electrical conductivity is dominated by the scattering of
these electrons by lattice vibrations (called phonons). Thus, as at lower temperatures, there are
fewer vibrations, the conductivity of metals increases as temperature falls.
A completely filled band and low energy gap lead to semiconducting properties. In this case there
are fewer electrons around to serve as charge carriers, and the number of available carriers is
strongly dependent on temperature. At higher temperatures more electrons can be promoted into the
conduction band, and hence conductivity increases with increasing temperature (fig. 3.1) (33).
In organic semi- or conductive salts (not necessarily polymeric) normally the atoms in the
molecules have a tetrahedral geometry, in which the electronic system is distributed on molecular
orbitals, resulting from the sp hybridisation of the orbitals s and p of the single atoms (34, 35).
When the molecules are segregated in ordered stacks, the short interplanar distances between
adjacent molecules allow significant interaction between pi-molecular orbitals of neighbouring
molecules, leading to the formation of a band in the solid. The tight-binding theory, usually
employed to describe the bands, is analogous to the simple Hückel molecular orbital theory for an
infinite linear polyene. The pi-highest occupied molecular orbital (pi-HOMO) for a donor, or pi-
lowest unoccupied molecular orbital (pi-LUMO) for an acceptor, play the role of pi-atomic orbitals
in Hückel theory. This approach assumes that the energetic cost of putting two electrons on the
same site (molecule) is relatively small. Using the tight-binding theory a transfer integral (t) can be
calculated, which describes the extent of interaction between adjacent molecules in the stack. This
transfer integral corresponds to the Hückel beta (fig. 3.2) (33).
3.2 Conjugation
The simple picture of a one-dimensional band structure previously described for segregated stacks
charge transfer salts also can be used for conducting polymers. They are characterised by a (quasi)
one-dimensional system along which mobile electrons extend. Most of them posses a pi-electronic
backbone with a few exceptions sorted as σ-electronic materials such as polysilanes (16). These
non-insulating polymers belong to the class of conjugated polymers. The process by which
conduction is attained in these normally insulating polymers is frequently called doping, by analogy
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with the doping of semiconductors. Polymer doping involves oxidation or reduction of the polymer
itself and could also introduce different chemical species. In fact doping could be obtained in two
different ways: with an external electrical field
which injects charges in these polymers in a
reversible way, or by a chemical reaction with an
oxidant or a reducer agent, in this case the charge
injection being irreversible, unless a counter
reaction for re-establishing again neutrality is
performed. In chemical doping, however, the
polymers need a much larger mole fraction of
added material, approximately 0.01 to 0.1, based on
monomer units, instead of 10-5 to 10-8 in the case of
inorganic semiconductors. Furthermore the process
of doping is not as simple as its name implies. In
addition to oxidation/reduction and addition of the counterion, in some cases there are other
structural modifications of the polymer itself (33).
Polyacetylene (fig.3.3) was the first organic polymer to show significant conductivity. Alan G.
MacDiarmid, and Alan J. Heeger (afterwards both awarded the Nobel prize, together with Hideki
Shirakawa), first showed that exposing polyacetylene to an oxidising agent could induce electrical
conductivity (10).
When polyacetylene is oxidised (by electron acceptors such as iodine or arsenic pentafluoride) or
reduced (by donors such as lithium), its electrical conductivity increases by orders of magnitude up
to a maximum of about 500 S/cm (a conductivity as high as 2000 S/cm has been reported for
oriented films) (33).
In this polymer the carbon pz orbitals play the same role as pi-HOMOs in salts. When the highest
occupied band in polyacetylene is filled, the polymer will be a semiconductor.
However, in the process of oxidation electrons are removed from the band. Therefore the band is
only partially occupied and electrical conduction becomes possible, given the proper conditions of
electron mobility, bandwidth, and other effects. Likewise reduction puts electrons into the lowest
unoccupied band, thereby facilitating conduction (33).
Interesting features of the conducting polymers emerge when elementary excitations (both neutral
and charged) are introduced into the polymer chains. The most important feature is the fact that the
band picture fails to explain a phenomenon called spinless conductivity that has been observed in
conducting polymers. The total number of free spins (which in the simplest picture would be
Fig. 3.3 In the chemical formula for
polyacetilene, single and double bonds occur
alternatevely throughout the entire chain. In
reality, only the strong single σ-bonds
(longer lines) between the atoms are fixed;
the pi-bonds (shorter lines) are not fixed and
electrons can move from one molecule to
another (13).
C
C
C
C
C
C
C
C
C
C
H
H
H
H
H
H
H
H
H
H
n
Conjugated polymers
33
associated with unpaired electrons as charge carriers) can be measured by electron spin resonance
spectroscopy. The number of free spins thus obtained for this kind of polymers is too low to
account for the magnitude of electrical conductivity that has been observed (33).
In order to explain this behaviour, the "domain-wall" concept (fig. 3.4 and 3.5), proposed earlier in
the history of conducting polymers research, not only plays a crucial role in establishing physical
concepts of conducting polymers, but provides an appropriate chemical insight into the structure of
those excitations (16).
3.3 Solitons, polarons, and multipolarons.
In the context of the domain-wall concept the conductive polymers are categorised in the following
two groups: the first group is characterised by the presence of a degenerate ground state (36),
including trans-polyacetylene as the most typical substance; the other group includes cis-
polyacetylene, poly(p-phenylene), polythiophene, polypirrole, etc., which are characterised by a
nondegenerate ground state (36, 37). Although a single isolated domain-wall is stable in the
degenerate polymer chain with very long sequences, the energy requirement prevents such sequence
from existing in the nondegenerate polymer systems.
In the case of polymers belonging to the first group, W. P. Su, Schrieffer, and Heeger advanced an
explanation based on solitons (solitary solutions to wave equation) that in trans-polyacetylene take
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Fig. 3.4 Solitons may facilitate conduction in oxidazed polyacetylene (33).
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the form of the a reversal of phase in the sequence of single and double bonds along the polymer
chain (fig.3.4). For oxidatively doped polyacetylene, the soliton is in essence a carbocation,
probably somewhat delocalized, that necessitates a reversal of phase in the double-bond sequence of
the polymer chain. Propagation of this phase kink under the influence of an electric field may give
rise to the electrical conductivity observed in doped polyacetylene (33).
This mechanism can be more easily explained with the help of figure 3.4: removal of two electrons
from neutral trans-polyacetylene forms two polarons (radical and cation pairs). Combination of the
radicals results in two cations that cause phase kinks or domain in the double-bond alternation
(solitons). Each cation can be delocalized over several sites, and the two cations can behave
independently of each other. From the point of view of the band theory, the oxidation of the
polymer does not simply remove electrons from the full valence band but places carbocation or
soliton (HC+) states at mid-gap between the conduction and valence bands (33).
Dication (bipolaron, bound, no spin)
Radical cation
(polaron, spin)
S
S
S
S
S
S
S
S
-e-
S
S
S
S
S
S
S
S
-e-
S
S
S
S
S
S
S
S
Polythiophene
QB B
Fig. 3.5 Formation of polaron during the oxidation process of a polythiophene (33).
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For polymers belonging to the second group, which have a non-degenerative system, Jean-Luc
Brédas, Ronald R. Chance and co-workers have proposed that polarons (radical ions) and
bipolarons (di-ions) are formed upon doping of these polymers (33, 37).
A polaron in the usual solid-state sense is an electron or hole localised in a deformed region of the
crystal lattice. For example, the oxidation of polythiophene is likely to first produce a polaron (two
localised states in the band gap) and then further oxidation takes place by removing an electron
from the polaron level to form a bipolaron, a doubly charged spinless species (37).
The situation is as in fig. 3.5: there are two phases (domains) B and Q, with B energetically more
stable. In the diagram, B and Q phases represent the benzenoid and quinoid structure respectively.
The stability can be measured as an energy difference per repeated unit between the two phases.
Consequently the Q phase of very large length separated from the B phase by the domain-wall
would have enormously greater energy than the corresponding B phase, and therefore such a Q
phase cannot be stable. However, if the Q phase of a finite length is sandwiched between the two
domain-walls with the B phase on either side, the situation is totally different. In this case the Q
phase can be present, even though destabilised in relation to the B phase. In particular, when charge
is injected into the polymer chains, the electron-lattice coupling may well stabilise the elementary
excitations located on (and near) the Q phase. These excitations are characterised by strength of
confinement, which directly measures the extent of the lifting of degeneracy and determines the
energy levels positioned within the energy gap (16).
In fig. 3.6 the band diagram shows how increased doping (oxidation in this case) produces
bipolaron bands and removes states from both the valence and conduction band (33).
Conduction bands
Valence bands
Neutral polymer
has full valence
and empty
conduction bands
Removal of
one electron
forms polarons
Removal of
second electron
forms bipolaron
Removal of
more electrons
forms bipolaron
bands
Fig. 3.6 Increased doping produces bipolarons bands and removes states from both the
valence and conduction band (33).
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3.4 Supramolecular order and polycrystallinity
Dealing with real polymer systems, disorder
effects have to be taken into consideration.
This is because in a (quasi) one-dimensional
system disorder tends to make the electronic
states localised in co-operation with
electron-lattice coupling (38). If the disorder
is severe, charges, instead of moving in the
material trough the overlapped molecular
orbitals, in a quasi-continuous path, should
hop among the localised states accompanied
by disorder potential, as in the case of
classical amorphous or non-crystalline
media.
In general conducting polymer materials have not single-crystalline structures unlike inorganic
semiconductors, except for polydiacetylene.
This is a general characteristic of all crystalline polymers. When they solidify from a solution or
from a melt, the polymer chains are bundled to form a fibril or a microfibril, and the fibrils are
densely entangled with one another, a state which yields higher-order structures in the solid.
However as shown in fig. 3.7, each single macromolecule could be irregularly folded several times,
cross other molecules, and belong to more then one crystalline region, thus introducing defects in
the crystalline structure of the material. Therefore it is more correct to speak of a polymeric material
in terms of polycrystallinity, in which amorphous areas (fig. 3.8) separate single crystalline regions.
Moreover the crystal structure of polymers is not fixed, but could vary within the same material
from sample to sample. It is possible to obtain, from the same polymer, objects with completely
different characteristics. For instance, poly(ethertherephthalate) (PET), could be an opaque, and
brittle material when it is highly crystalline, or, in contrast, it could be a transparent flexible
material when it is amorphous. This is obtained only playing around with the processing parameters
of the films.
Fig. 3.7 Two-dimensional schematic representation of
the nature of the fold surface in polymer crystals: a)
sharp folds (crystallographic); b) random re-entry
(switch-board); c) loose loops, adjacent re-entry; d) a
few loose loops and chain ends (cilia) superimposed on a
sharp fold surface
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Conducting polymers do not
differ from this behaviour.
In certain cases the future
morphology of a solid
polymeric film could be
determined starting from the
melt or from the solution.
For instance static and
dynamic light-scattering
studies have demonstrated
that solutions of regioregular
HT PDDT (head-tail
poly(dodecyldithiophene))
of different thermal histories
and concentrations show
strong intermolecular
association between the
polymer chains (fig. 3.9)
(39). This association (or
aggregation) drives main-chain conformation order, leading to a highly conjugated polymer system.
Supramolecular association is present under a variety of conditions, including temperatures as high
as 65° C and concentrations as low as 0.5 g/L. In fact, only with these low concentrations there was
indication of significant numbers of independent chains, and then only at the highest temperature
studied.
The supramolecular structure may assume a variety of shapes dependent on concentration. One
solution structure is a nematic liquid crystalline phase consisting of lamella of extended PT chains
interspersed with lamella of alkyl chains. The supramolecular aggregate structure is thought to have
a disk-like shape and to possess long-range order. Supramolecular ordering increases as the
concentration of the polymer increases. This behaviour is consistent with the concepts embodied in
the Flory phase diagram for semiflexible polymer chains. The theory predicts that with increasing
concentration of semiflexible chains, these polymer solutions go from a disordered phase to a
biphasic solution to an ordered phase. It is also found that at low temperature the dodecyl side
chains slowly self-order, enhancing co-planarity of the thiophene rings along the polymer chain
(39).
Fig. 3.8 In crystalline polymers a certain degree of amorphous regions
is always present.
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Another shape of the solution structure that can exist in HT PDDT consists of needle-like
aggregates of extended chains of PT, surrounded by a sheath of ordered alkyl chains. The needle-
like aggregate structure does not possess a great deal of two-dimensional order, in contrast to the
lamellar form.
These studies indicate that the ordered supramolecular disk structures with globally ordered
extended conformations of polythiophene are desirable precursors to self-assembled
polyalkylthiophene films, whereas the needle-like structures do not pack well and cannot give a
globally ordered structure. This discovery implicitly has a profound effect on film casting and the
resultant solid-state order (40).
The observation of two distinct aggregate-forms in solution implies that two (or more) phases may
be generated upon film casting. Efforts to generate uniform films by drop casting support this
premise. Films with a variety of morphologies, ranging from brittle and cracked to sturdy and
smooth, are commonly produced from the same sample of polymer under similar conditions.
Additionally, traces of impurities such as silicon grease can dramatically affect the film-forming
properties of a given sample (41).
Fig. 3.9 Metastable aggregations in polimeric solutions affect the solid-state self-ordering (40).
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Also the morphology of the solid-state of
polymeric materials is not fixed, but could
vary according to the thermal history, which
the sample is subjected to after deposition
(fig. 3.10). Parameters like speed of cooling
from the melt, temperature of drying from a
solution, annealing or general thermal
treatments of the solid film could all have an
influence on the final morphology of the
sample, in particular determining the
crystalline degree and the general order of the
macromolecules.
Transport properties of conducting polymers
are highly dependent upon the structural
disorder arising from sample quality, doping
procedure, and ageing (42, 43). Charges that move across the material from one point to another
several tens of microns away are subjected to almost three kinds of transport mechanisms:
intramolecular, inter-molecular, and interfibrillar (fig. 3.11). The first one is clearly the transport of
the charge along the macromolecule main chain, explained by the polaron theory. The
intermolecular is the transport from one molecule to the adjacent one inside the same crystalline
region and can be explained by the
band theory and molecular orbitals
overlapping. The third one is the source
of the main resistance to the transport
of the charges, in fact in this case they
should move from a crystalline region
to another nearby, bypassing the
amorphous regions, which nearly are
insulating, or at least they show an
extremely high resistance (16).
3.5 Inhomogeneous metallic state in conducting polymers
With such a complex morphology of the polymers, many traditional signatures of an intrinsic
metallic nature have become apparent, including negative dielectric constants (42-45), a Drude
Fig. 3.11 Schematic diagram of the carier transport process
in the solid state (16).
Fig. 3.10 Folded-chain single-crystal mats (a) as
grown, (b) after annealing.
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metallic response (43, 44, 46-48), temperature-independent Pauli susceptibility (43, 49-56), and a
linear dependence of thermoelectric power on temperature (57-60). However, the conductivity of
even the new highly conducting polymers, though comparable to those of traditional metals at room
temperature, generally decreases when the temperature is lowered (42, 43, 61, 62). Some of the
most highly conductive samples remain highly conductive even in the millikelvin range (48, 61-63),
demonstrating that a truly metallic state at low temperature has been attained.
In doped polyacetylene (61, 62), polypirrole (61, 62), and polyaniline (48), studies of the
millikelvin resistivity (ρ = 1/σ) showed that the conductivity is thermally activated in strongly
disordered films, the resistivity appears like that of a disordered metal (ρ ∝ log T) for samples of
intermediate conductivity, and ρ has a very weak temperature dependence for weakly disordered
states. Careful studies of the microwave dielectric constant in polyaniline demonstrate that, as the
crystallinity of the films improves, the carriers become more delocalized when the structural order
is improved (44). Variation of the solvent from which polyaniline (PANI), doped with
camphorsulfonic acid (CSA), is cast, yields a change in the local order in the polymer (64-67) and a
concomitant change in the crystallinity of the films, with the transport properties showing stronger
localisation as the crystallinity decreases (65-67). Even the most metallic samples are not single
crystals. Doped polyacetylene has a complex fibrillar morphology with ∼80-90% crystallinity,
while doped PANI and doped polypyrrole (PPy) have ∼50% crystallinity at best (64).
Disorder (68, 69) and one-dimensionality (69) lead to localisation of the electron wave functions.
Even if the polymer chains are well-ordered, macroscopic transport is impossible unless the carrier
can hop or diffuse to another chain to avoid chain breaks and defects (70, 71). Theoretical
calculations (45, 72-74) as well as experimental work (44, 45, 75) have stressed the importance of
interchain interaction and three-dimensionality of the electron states in highly conducting polymers
for avoiding one-dimensional localisation. It has been demonstrated that these metallic states are
three-dimensional, though transport properties are highly anisotropic (70, 71, 76-78). The nature of
the disorder is an important question. Disorder can result in different properties depending on
whether it is homogeneous or inhomogeneous.
Wave functions of the charge carriers may become localised to few atomic sites if the disorder is
strong enough. The behaviour of a uniformly disordered material near an insulator-metal transition
(IMT) has been discussed in the context of an Anderson transition (68, 69, 79, 80). In a three-
dimensional system, when the disorder potential becomes comparable to the electronic bandwidth, a
mobility edge exists that separates localised from extended states (68, 69). If the Fermi level (EF)
lies in the region of extended states, σdc is finite (69) and the logarithmic derivative of the
conductivity (activation energy, W ≡ d ln σdc/d ln T) (81) has a positive slope at low temperature.
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When EF lies in the range of localised states, the carriers have a hopping behaviour (where σdc →  0)
(69) and the W function has a negative slope at low temperature (81). Also, the dielectric function is
positive owning to the polarisation of the localised states. The strong disorder necessary to cause
localisation of three-dimensional electronic wave functions necessarily limits the mean free time (τ)
to small values. When the IMT is crossed, the electronic localisation length (Lloc) diverges and the
system monotonically becomes more metallic, displaying higher σdc values with weaker
temperature dependences. However, τ varies slowly with energy in crossing the IMT (82).
Therefore, τ remains close to the IMT. In fact, the Ioffe-Regel condition requires that kFλ ∼ 1 for a
material near an IMT (83), where kF is the Fermi wave vector and λ is the mean free path. This
implies that the scattering time τ ∼ 10-15 s. For such short scattering times, the frequency-dependent
conductivity σ(ω) is monotonically suppressed at low frequency. Besides, localization corrections
to the metallic Drude response result in a positive dielectric function ε(ω) for short τ at low
frequency, rather then the negative low frequency ε(ω) of normal metals (84, 85).
In contrast, if the disorder is inhomogeneous with large variations on the length scale of or larger
than the characteristic electron localization length, then the behaviour of a composite system may
be expected. The inhomogeneous disorder model (43, 45-47) treats the metallic state of conducting
polymers as a composite system comprising metallic ordered regions (with delocalized charge
carriers) coupled with disordered quasi-one-dimensional regions, through which hopping transport
along and between chains occurs. Localization occurs in the disordered regions owing to the one-
dimensional electronic nature of the polymer chains in this region. When the polymer chains in the
disordered region are tightly coiled, the in-chain localization length is short and coupling between
metallic regions is poor, so that free electrons are confined within the metallic regions (42-44, 47,
65-67).
The temperature-dependent transport is then dominated by hopping and phonon-induced
delocalization in the disordered regions (45) or even tunnelling between metallic islands (86),
depending upon the morphology. When the polymer chains in the disordered regions are
sufficiently straight (i.e., larger radii of curvature or longer persistence lengths), the in-chain
localization length is larger then the typical separation between metallic islands and carriers are able
to diffuse macroscopically among the metallic regions (44, 47). In this case, a fraction of the
carriers will percolate through the ordered path. Just as in the Anderson transition, there is a
crossover in slope for the W plot as percolation occurs, though the IMT is no longer necessarily a
monotonic function of the room temperature σdc (47). In this model the magnitude of σdc depends
on the number of well-coupled metallic regions across the sample. On the metallic side of the IMT,
a fraction of the carriers will demonstrate free carrier response even at low temperatures. Due to
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phonon-induced delocalization in the disordered regions, a fraction of the carriers may appear
percolated at room temperature even for samples on the insulating side of the IMT (47).
It is determined that there is a universal type of behaviour of the metallic state in conducting PANI,
PPy, and (CH)x. The metallic state is characterized by a small fraction of carriers that are localized
down to low T with long mean free time (τ > ~10-13 s) and a large majority of carriers that are more
strongly localized (τ1 ~10-15 s). These delocalized electrons result in a weak temperature
dependence for σdc down to millikelvin temperatures. This metallic state is strongly dependent on
structural order. More disordered polymers show strong localization and hopping (insulating)
transport. All this seems to indicate that, although the insulator-metal transition is due to structural
disorder, it is not due to conventional homogeneous Anderson transition. Probably the insulator-
metal transition is instead better described by the inhomogeneous disorder model (82).
A brief qualitative description of the two models cited follows.
3.5.1 Inhomogeneous disorder-induced insulator-metal transition
Conducting polymers show rich variety in their morphology (64) and are partially crystalline and
partially disordered. If localization length in the more disordered regions of the electrons (Lloc) is
comparable to or smaller then the crystalline coherence length (~10 Å) in the polymer, then the
disorder present in the conducting polymer is viewed as inhomogeneous (42, 43, 46, 47). The
localization effects in the inhomogeneously disordered (partially crystalline) conducting polymers
are said to originate from quasi-one-dimensional localization in the disordered regions (43-46) that
surround the ordered regions. It is well known that for a one-dimensional metallic chain the
localization of charge carriers arises for even weak disorder because of quantum interference of
static back-scattering (69), with Lloc increasing as the disorder decreases. For quasi-one-dimensional
conducting polymers, the transfer integral, perpendicular to the chain axis, is crucial. As the
polymer chains are finite, if the carrier cannot diffuse to another chain before being reflected back
onto itself, and thus experiencing quantum interference, then the polymer will not be a conductor.
Prigodin and Efetov (74) studied the insulator-metal transition of these quasi-one-dimensional
conducting polymers using a random metallic network (RMN) model in order to represent weakly
connected, fibrous bundles of metallic chains. In this zero temperature model, the phase transition
from insulating to metallic behaviour is a function of the cross section of electronic overlap between
fibres (α) and ρ = pLloc, the product of the localization radius (Lloc) and the concentration of cross-
links between fibres (p). The metallic state can be induced by strengthening the interchain (or
interfibril) interaction (increasing α), increasing the density of cross-links between fibres
(increasing p), or increasing the localization length (increasing Lloc). This model, developed for
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contacts between fibres composed of parallel polymer chains, can be generalised to represent the
three-dimensional delocalization transition that occurs in inhomogeneously disordered (partially
crystalline) nonfibrillar polymers (42, 43): the metallic state is induced when the strength of the
connection between ordered or crystalline regions (α) is increased, when the density of
interconnections between ordered or crystalline regions (p) increases, and as the localisation length
within the disordered regions (Lloc)
increases. Lloc depends on the
morphology of the disordered region. If we
consider rod-like or coil-like chain
morphologies (65) (fig. 3.12), Lloc will be
larger for the rod-like and smaller for the
coil-like morphology. Within this model,
conduction electrons are three-
dimensionally delocalized in the
"crystalline" ordered regions (though the
effect of paracrystalline disorder may
limit delocalization within these regions
(87)). In order to move between ordered
regions, the conducting electrons must
diffuse along electronically isolated
quasi-one-dimensional chains through the
disordered regions, where the electrons
readily become localized.
Because IMT depends on the coupling between metallic regions, the inhomogeneous disorder
model resembles a percolation transition. The main difference between percolating conducting
polymers and more traditional percolating systems, such as silver particles in potassium chloride, is
that the conducting polymer "crystals" do not have sharp boundaries. As a single polymer chain can
be a part of both metallic "crystalline" regions and quasi-one-dimensional disordered regions, an
IMT occurs. If Lloc is temperature-dependent due to phonon-assisted processes (45), it is possible to
show the behaviour of a percolated metallic system at high temperatures (Lloc greater than the
average distance between metallic islands) and the behaviour of an unpercolated insulating system
at low temperatures (Lloc less than the average distance between metallic islands).
Fig. 3.12 (a) Schematic picture of the
inhomogeneously disordered state of metallic and
insulating conducting polymers. (b) Schematic picture
of rod-like and coil-like morphology of disordered
regions (82).
Conjugated polymers
44
The dependence of conductivity on transport through quasi-one-dimensional chains leads to some
profound effects. Conductivity is predicted (88) to be quite high at room temperature (∼2 × 106
S/cm for polyacetylene) and to increase exponentially upon cooling. A small interchain hopping
integral t⊥ ∼ 0.1 eV is all that is necessary to obtain three dimensional delocalization of carriers, and
the resulting metallic state may take advantage of this great quasi-one-dimensional conductivity.
The lack of effective scatterers in an ordered quasi-one-dimensional metal may lead to an
anomalously long scattering time (44), as compared with conventional 3-D metals.
In a real system, disorder scattering must be taken into account when dc conductivity is limited by
the least conducting (most disordered) part of the conduction path. The result is a dependence of
scattering times and the resultant σdc(T) from the temperature (82). In well-ordered materials σdc
increases with decreasing T, similar to the behaviour of metallic systems. When localization effects
begin to dominate (phonon-induced delocalization is important), a suppression of σdc at lower
temperatures and a consequent maximum in the diffusion rate and the corresponding σdc(T) (fig.
3.13) result. For a weaker disorder, this maximum in σdc is shifted to lower temperatures. At even
lower temperatures, there is a crossover to a more strongly localized hopping conductivity. This
Fig. 3.13 (a) schematic picture of the temperature dependence of the various scattering times in the
inhomogeneous disorder model and the respective localization domains. (b) The corresponding diffusion
constant expected for the inhomogeneous quasi-one-dimensional system (74).
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model accounts for localized behaviour at low temperatures, despite conductivities at room
temperature in excess of the Mott minimum conductivity. The more localized electrons lead to a
conductivity less than ~10 S/cm (82).
Effective medium theories characterise frequency-dependent transport in systems with large-scale
inhomogeneities, such as metal particles dispersed in an insulating matrix (89, 90). An IMT in the
effective medium model represents a
percolation problem where a finite σdc
as T →  0 is not achieved until metallic
grains in contact span the sample. To
understand the frequency dependence
of the macroscopic material, an
effective medium is built up from a
composite of volume fraction f of
metallic grains and volume fraction 1 -
f of insulator grains. The effective
dielectric function εEMA(ω) and
conductivity function σEMA(ω) are
solved self-consistently.
The characteristic composite
behaviour of σEMA(ω) for a medium
consisting of spherical particles with
volume fractions f of Drude conductor
and 1 - f of insulator could be plotted
in function of the frequency and
volume fractions (fig 3.14). For a
volume fraction f less then the
percolation value (f = 1/3 for spheres),
σEMA(ω) is dominated by an impurity
band of localized plasmon-like excitations. As the system approaches the percolation threshold, the
localized peak in σEMA(ω) shifts to lower frequency. Above the percolation threshold, a Drude peak
corresponding to the carriers that have percolated through the composite structure occurs at low
frequency. Only a fraction (~(3f - 1)/2 (90)) of the full conduction electron plasma frequency
appears in the Drude peak, depending on its proximity to the percolation threshold. The same
percolating free electron behaviour is observable in the dielectric response εEMA(ω) of the system.
Fig. 3.14 Schematic σ(ω) for an insulator-metal composite
made up of volume fractions f of a Drude metal and 1 - f of
an insulator, as calculated in the effective medium theory.
pω  = 
*2 /4 mnepiδ , where n is the full charge carrier
density, δ is the fraction of the charge carrier density that is
delocalized, e is the electronic charge, and m* is the effective
mass of the delocalized carriers. The heavy line at ω = 0
represents the Drude peak. The integrated strength of the
delta function is proportional to the height of the delta
function. The scattering time is chosen to be very long so the
width of the Drude peak is too narrow to be resolved in the
plot, emphasising the behaviour of the localized modes (89).
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This characteristic behaviour of traditional composites is expected to be modified for conducting
polymer composites. As mentioned earlier, the geometry of the percolating objects resembles fuzzy
ellipsoids with large aspect ratios rather than spheres. Besides, phonon-assisted transport in the
disordered regions of the conducting polymer (which are insulating regions) may give the
appearance of percolation in σ(ω) and ε(ω) at room temperature even though a particular system
may not truly be metallic at low T (47). For both σ(ω) and ε(ω), the distinct behaviour of localized
charge carriers will be evident above percolation. Specifically, for percolated samples, σ(ω) will
increase and ε(ω) will become increasingly negative with decreasing frequency below the
unscreened free carrier plasma frequency ωp. The anomalously long scattering times possible for
quasi-1-D systems may lead to huge negative dielectric functions at low frequency (82).
3.5.2 Anderson disorder-induced Insulator-metal transition
In order to complete the picture the models are discussed, which describe the form of localization
that occurs in a homogeneously disordered material in contrast to the model previously described.
These three-dimensional models assume that the materials are isotropic; the materials should be
electrically the same in all directions. In a perfect crystal with periodic potentials, the wave
functions form Bloch waves that are delocalized over the whole solid (84). In systems with
disorder, impurities and defects introduce substantial scattering of the electron wave function,
which may lead to localization. Anderson demonstrated (68) that electronic wave functions can be
localized if the random component of the disorder potential is large enough compared with the
electronic bandwidth.
Later, Mott showed that band tail states are more easily localized than states in the centre of the
band (69). Therefore, a critical energy, called the mobility edge (Ec), exists that separates localized
states in the band tails from extended states in the centre of the band. The resulting electronic
behaviour of a material depends on where the Fermi energy (EF) lies relative to Ec. If EF lies in the
range of extended states, then σdc(T) is finite as T → 0 (69) and the W (activation energy) plot has a
positive slope at low temperature (81). If the disorder potential is strong enough to cause EF to be in
the range of localized states, then the material will be non metallic, with σdc → 0 as T → 0 (69) and
a negative slope for the low TW plot (81), even though there is a finite density of states at EF.
When EF approaches Ec on the insulating side of the IMT, the localization length of the state, Lloc,
diverges as the electronic wave function becomes delocalized through the material. However,
because of the strong disorder, the mean free path (λ) is very short. In 1960, Ioffe and Regel (83)
proposed that the lower limit for the metallic mean free path is the interatomic spacing, which
occurs at and on the insulating side of the IMT. This condition led Mott to propose a minimum
Conjugated polymers
47
metallic conductivity (σmin ~ 102 S/cm in three dimensions). The Ioffe-Regel condition implies that
kFλ ∼ 1 (kF is the Fermi wavevector) when σdc ~ σmin. If applied to conducting polymers, this leads
to a very short mean free path and scattering time.
When the Fermi level lies in the localized region, the conductivity at zero temperature is zero even
for a system with a finite density of states. The transport at higher temperature involves phonon
activated hopping between localized levels. The Mott variable range hopping (VRH) model is
applicable to systems with strong disorder such that ∆V (disorder energy) >> B (bandwidth) (69).
The behaviour for the evolution of the temperature-dependent conductivity (σ), as EF crosses Ec, is
similar to the one of p-doped germanium. For materials with the smallest carrier density, σ has the
smallest magnitude and strongest temperature
dependence. As the carrier density is
increased, σ increases monotonically in
magnitude and the temperature dependence
decreases monotonically. For the most
metallic sample, σ shows a very weak T
dependence at low temperature. This
evolution for the magnitude and T
dependence of σ is characteristic of an
Anderson IMT (69).
The behaviour of both σLMDM(ω) and
εLMDM(ω), respectively conductivity and
dielectric constant in the localization-
modified Drude model, for materials close to
the IMT is determined in the Anderson model
by the Ioffe-Regel condition, which requires
τ ~ 10-15 s. σLMDM(ω) has a Drude dispersion at high frequency, a maximum, and then monotonic
suppression at low frequencies. As τ increases (reflecting a more ordered material), the Drude
dispersion occurs over a wider frequency range and the maximum shifts to lower frequency. An
important consequence of the localization-modified Drude model is that εLMDM(ω) becomes positive
at very low frequencies, reflecting the short τ due to strong disorder scattering. This behaviour
should be contrasted with the negative value of ε(ω) in the Drude model at low frequency (ω <<
1/τ). In fig. 3.15 σLMDM(ω) and εLMDM(ω)are plotted when the mean free time τ is varied.
Fig. 3.15 Behaviour of the localization-modified
Drude model with increasing mean free time (mean
free path). (a) σ(ω); (b) ε(ω) (82).
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However, experiments made on PANI-CSA revealed that samples with higher conductivity at
ambient temperature (σdc(300 K)) showed also a higher temperature dependence for σdc than
samples with lower σdc(300 K). This non-monotonic behaviour of the temperature dependence with
increasing σdc(300 K) contrasts with the monotonic behaviour of materials that undergo an
Anderson IMT, such as p-doped germanium. This non-monotonic evolution of σdc(T) is a strong
argument against a homogeneous 3-D Anderson IMT (82). Moreover, determination of the optical
dielectric function performed with Kramer-Kronig analysis, permitted to estimate a free mean time
for the free electrons (τ) as ~ 5 × 10-13 s. Such a huge mean free time in a disordered polymer is
surprising, especially when compared with the typical room temperature scattering times for copper,
τ ~ 10-13-10-14 s (84). If the whole density of conduction electrons was able to diffuse with τ ~ 10-13
s, dc conductivity would be ~105 S/cm. Using this estimate, it is suggested that substantial
improvements in the electrical conductivity can still be obtained.
The presence of carriers with τ >> 10-15 s indicates that low frequency carriers are not subject to the
Ioffe-Regel condition, which requires that τ ~ 10-15 s in conducting polymers. This constitutes
further evidence against the applicability of the Anderson IMT model.
3.6 Synthesis
Some words should also be spent about the importance of the synthesis and following purification
of conjugated polymers. As discussed above, structure plays a dominant role in determining the
physical properties of these polymers. Synthesis can help to determine the magnitude of pi overlap
along the backbone and can eliminate structural defects. Planarization and assembly of the
backbone in the form of pi stacks lead to better materials and enhanced device performance in
almost every category, ranging from electrical conductivity to stability. Therefore, both remarkable
enhancements in the electronic and photonic properties of the resultant materials, and the creation
of new functions, such as new sensory materials, critically depend on the synthesis (16).
It has already been shown how defects originate through bends and kinks in the polymer chain.
However, defects could be introduced by crosslinks between chain, chain ends, and impurities left,
after the polymerisation by an unsuitable and/or insufficient purification. All these could contribute
to obstructing charge transport through the polymer.
In particular, as it has been shown in the previous chapter, most organic transistors operate in the
enhancement mode, which means that the transistor is normally "off", when there is no gate bias. In
order to have good enhancement-mode transistor operation, the organic semiconductor must be
substantially free of residual charges caused by adventitious dopants. If there are free charges, due
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to dopants in the material, the transistor is not really "off" under zero gate bias, and the non-
negligible channel conductivity can influence the performance characteristics of circuits and
systems involving organic TFTs (16).
4 Object of the thesis and chemistry of the
conjugated polymers studied
4.1 Object of the thesis
The introduction of this thesis has showed how the increasing complexity and consequent costs of
production of traditional electronic devices are expelling from the global market all those subjects
that have not reached a predominant position in this sector. This situation shifted the interests of
many researchers and industries toward that segment of the market, in which cost-effective devices
are required, even to the detriment of complexity and performance.
Printed organic electronics seem to be a good solution to those needs. The property of organic
compounds and polymers to be soluble in common solvents, opens the way for using standard
printing technologies in the production of electronic devices. Furthermore, their mechanical
properties allow the production of extremely light devices that could be rugged and bendable. This
also opens the possibility of using roll-to-roll technologies in the production, introducing substantial
simplifications in the processing techniques and allowing faster production speeds. Bendable plastic
circuits will enable new devices, such as electronic paper, wearable computers or sensors,
disposable wireless identification tags, and so forth, that complement the types of systems that
existing silicon based electronics supports well (e.g., microprocessors, high-density RAM, etc.) (3).
All this depends on the properties of conjugated organic materials. This relatively new class of
compounds shows conducting, semiconducting, and light-emitting properties. However, the
mechanisms that control those behaviours are still not completely understood. Until now, it is
consolidated that both chemistry and film morphology play a crucial role in the performances of
these materials. Chemistry is important for tailoring proper materials, with a suitable purity for the
planned use. In fact, defects in the sequence of monomers in a macromolecule can interrupt the
conjugation or obstacle the orbitals overlapping; moreover, trough the chemistry it is also possible
to modify the band gap between valence and conducting band of a conjugated material.
On the other hand, organic materials, in particular polymers, are soft, with different metastable
conformations, on the contrary of inorganic materials, which are hard with well-defined
conformations. The morphology then heavily affects the conducting properties of the firsts. Starting
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from a perfect conjugated polymer, for instance, only by changing its morphology, it is possible to
obtain very high or extremely low performances from the same material.
It has been already shown how disorder can induce insulator-metal transitions in conducting
polymers (chap.3). That transition has important repercussions for utilising those polymers in
electronics. As the matter of fact, saying that a polymer is on the metallic side of the transition
means substantially that his conductivity increases decreasing the temperature like all the metals do.
A direct consequence of this is a behaviour of the charge carriers similar to that of the metals, thus
one should expect that the current flowing in the sample will increase linearly with the voltage
(Ohm law).
On the other hand, a polymer on the insulator side of the transition means that, although the metallic
islands in the material cover a less extended area, certain conductivity is still measured, but it is
hampered by the fact that charges have to hop from a conductive area to an other passing the
insulating disordered regions.
The same problems connected to the disorder are also foreseeable in analysing the semiconducting
polymers.
When one thinks to coat or print conducting and semiconducting polymers in order to produce
active layers for transistors, the problem of the morphology induced in the material by the chosen
process has the same influence on the conducting properties of the layers as purity and quality of
the materials.
In a complete coating or printing process, the polymers transferred undergo to mechanical and
thermal stresses due to the forces applied by the machine to the material for physically transfer it
and to the drying processes, which came usually afterwards.
The objective of this thesis was to study the influence of continuous coating and printing processes
on the performances of functional polymeric layers, in order to apply them to the production of
logic circuits.
A choose between all the coating and printing processes historically developed was made taking
into account the ones which allowed to handle solutions with low viscosity, in order to avoid the
addition of extraneous substances.
As coating technique, the doctor blade was mainly used, due to its similarity to a continuous process
like the slot die. This technique was first used to prepare single films of conducting polymers. These
films were electrically characterised by means of impedance spectroscopy, in order to better study
the conduction for samples on the insulator side of the metal-insulator transition . After that, the
same technique was used to apply films of semiconducting and insulating polymers, for realising
working devices.
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The printing technique tested for structuring D/S polymeric electrodes was flexography. These
electrodes were characterised through impedance spectroscopy as well, and they were used for
realising working devices. With the help of this technique, the possibility to structure the
semiconducting layer was tested as well.
Due to the wide choice of functional polymers, nowadays available on the market of fine chemicals,
a selection of the polymers that should be studied, become obvious. The conducting polymers,
chosen for the electrodes, were poly(3,4-ethylenedioxythiophene) (PEDOT) and polyaniline doped
with alkylbenzene sulphonic acid in a toluenic solution, commercially available under the name of
PANIPOL T. The semiconducting polymers were poly(3-hexylthiophene) supplied by Aldrich
and poly(3,3”-dihexyl-2,2’:5,2”-tertiophene) supplied by Prof. M. C. Gallazzi of “Politecnico di
Milano”. The insulating layer was made from several insulating polymers commercially available,
and described in the experimental context.
In order to distinguish between the intrinsic properties of the materials and the influences caused by
the morphology of the samples, the initial phase of the work was a bibliographic research about the
chemistry of conducting and semiconducting polymers. The following paragraphs will show the
synthesis and purification problems in producing these materials, which then have a reflection on
the electrical behaviour of the final polymers. In the case of conducting polymers, then, the question
of doping has central role in determining their conductivity.
4.2 Conducting polymers
4.2.1 Poly(3,4-ethylenedioxythiophene)
The poly(3,4-ethylenedioxythiophene) is a
polythiophene derivative, developed by Bayer AG
research laboratories in Germany in the second half
of the 1980s (91).
This polymer often abbreviated as PEDT or PEDOT,
was initially developed to give a soluble conducting
polymer, that lacked the presence of undesired α,β-
and β,β- couplings, within the polymer backbone
(91). Unfortunately, prepared using standard
oxidative chemical or electrochemical
polymerization methods, PEDOT was initially found
Fig. 4.1 PEDOT/PSS blend (BAYTRON P)
(91).
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to be an insoluble polymer, yet exhibited some very interesting properties. In addition to a very high
conductivity (ca. 300 S/cm), PEDOT was found to be almost transparent in thin, oxidised films and
showed a very high stability in the oxidised state (92-95).
The solubility problem was subsequently circumvented by using a water-soluble polyelectrolyte,
poly(styrene sulfonic acid) (PSS), as the charge-balancing dopant during polymerization to yield
PEDOT/PSS (fig. 4.1). This combination resulted in a water-dispersible polyelectrolyte system with
good film-forming properties, relatively high conductivity (ca. 10 S/cm), high visible light
transmissibility, and excellent stability. Films of PEDOT/PSS can be heated in air at 100° C for
over 1000 h with only a minimal change in conductivity. This system is now known under the trade
name BAYTRON P (P stands for polymer), and has found several applications. Although initially
used as an antistatic coating in photographic films by AGFA, several new applications have been
implemented over the past years (e.g. electrode material in capacitors, material for through-hole
plating of printed circuit boards) (96-99).
Synthesis
The synthesis of PEDOT derivatives can be divided into three different types of polymerization
reaction:
• Oxidative chemical polymerization of EDT-based monomers.
• Electrochemical polymerization of EDT-based monomers.
• Transition metal-mediated coupling of dihalo derivatives of ethylenedioxythiophene (EDT).
BAYTRON P synthesis, developed at Bayer AG, performs the chemical polymerization starting
with the ethylenedioxythiophene (EDT) as monomer. Also EDT is produced by Bayer AG on a
multi-ton scale and commercialised under the trade name BAYTRON M (M stands for monomer).
The polymerization is made in an acqueous polyelectrolyte (most commonly PSS) solution using
Na2S2O8 as the oxidising agent. Carrying out this reaction at room temperature results in a dark
blue, acqueous PEDOT/PSS dispersion, which is the commercially available BAYTRON P. An
interesting aspect of BAYTRON P is that, after drying, the remaining PEDOT/PSS film is still
conducting, transparent, mechanically durable, and insoluble in any common solvent (91).
BAYTRON P, as previously mentioned, was initially developed for use as antistatic in the
photographic industry. Nowadays, however, it serves as multi-purpose conducting polymer blend
with several applications. Consequently, it is available in different grades (e.g., BAYTRON P EL
(VPAI 4083) corresponds to the electronic grade of BAYTRON P that has been developed
specifically for light-emitting diode (LED) applications) (91).
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While soluble alkylated PEDOT derivatives (R ≥ C10H21) allow standard characterisation
techniques in solution to be utilised, the insoluble PEDOT and PEDOT/PSS derivatives preclude
molecular characterisation to a great extent. Based on electronic and vibrational spectroscopy, it can
be determined that both compounds are conjugated species that are easily oxidised, due to their
electron-rich character: however, detailed structural features, such as their molecular weight,
polydispersity, and their end-groups, remain unclear (91).
An important contribution to the
structural characterisation of PEDOT was
presented by Inganäs and co-workers,
who were the first to propose a structural
model for tosylate-doped PEDOT (100).
Using de Leeuw’s chemical method (fig.
4.2) extended to a surface-confined
polymerization (101), they prepared thin PEDOT films, that were subsequently studied with grazing
incidence X-ray diffraction using synchrotron radiation. From these studies, they concluded that the
material is very anisotropic and that there is a limited crystalline order in these thin films.
Furthermore, they had evidence for a para-crystalline state with small para-crystalline regions. The
same group also studied PEDOT’s electronic structure by using X-ray and ultraviolet photoelectron
spectroscopy (102), as well as spectroscopic ellipsometry (103). These results suggest that PEDOT,
prepared in this manner, can be seen as an anisotropic metal.
Another especially useful polymerization method utilises electrochemical oxidation of the electron-
rich EDT-based monomers. This method requires only small amounts of monomer, short
polymerization times, and can yield both electrode-supported and free-standing films.
In the case of EDT itself, electrochemical polymerization results in the formation of a highly
transmissive sky-blue, doped PEDOT film at the anode (104, 105).
The third polymerization method based on transition metal-catalysed coupling of activated
organometallic derivatives (106), yields materials with low molecular weight. It may prove
especially interesting when it is applied to monomers with solubilizing side groups.
Conductivity in PEDOT
Using the Bayer oxidative polymerization process in solution, a surface-confined chemical
polymerization method, and concurrent electropolymerization/deposition method, PEDOT is
prepared in its more stable doped and conducting form. Films cast from the aqueous PEDOT/PSS
Fig. 4.2 Chemical polymerization of EDT as developed
by de Leeuw et al (101).
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solution have a high degree of mechanical integrity with conductivities ranging between 1 and 10
S/cm (91).
One method of enhancing the properties of electroactive polymers, while simultaneously preparing
useful materials, is through polymer blending. For example, poly(aniline camphor sulphonic acid)
(PANI-CSA) blends with
poly(methylmethacrylate) (PMMA) and
nylon exhibit quite high conductivities (1-
10 S/cm) at relatively low (ca. 1%)
loading levels of the conducting polymer
in the host (107). This high conductivity
is attributed to the formation of a
continuous network of the conducting
polymer, which is phase separated from
the host. These concepts have been
extended to PEDOT/PSS blended with
polar host polymers (e.g.,
poly(vinylpyrrolidone) (PPV)) (108). In
this instance, treatment of the blend with
a bivalent metal (e.g., Mg2+) leads to ionic crosslinking and enhanced electrical properties at quite
low (less then 10%) loading levels (fig. 4.3). In addition, the use of crystallisation-induced phase
separation between PEDOT/PSS with poly(ethylene oxide) has been shown to form blends with
continuous domains of PEDOT/PSS, which exhibit higher conductivities when compared to blends
prepared with amorphous host polymers (91).
Using electrochemical polymerization methods, careful control of polymerization conditions
(concentration, temperature, electrode materials, etc.) allows the preparation of free-standing
PEDOT films using a variety of dopant anions (91). The conductivities of these films are found to
be a function of the nature of the dopant anion, with room-temperature conductivities typically
ranging from 100-102 S/cm. Use of PF6- as the dopant counterion has provided especially interesting
materials with high room-temperature conductivities (300 S/cm) and a temperature dependence of
conductivity, which suggests that the material is on the metallic side of the metal-to-insulator
transition (91).
Use of polymeric electrolytes can also lead to PEDOT films via electropolymerization and chemical
polymerization (109, 110). In fact, films up to 20 m in length were prepared using a rotating
stainless-steel anode. PEDOT films, doped with sulphated poly(β-hydroxyether) (PEDOT/S-PSE),
Fig. 4.3 Conductivity of PEDOT/PSS/PVP blends at
different compositions, untreated and treated with 0.25 M
aq. MgSO4 solution (108).
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exhibit excellent mechanical properties imparted by the polyelectrolyte dopant with concurrent high
conductivities in the range of 150-180 S/cm. Conductivities as high as 400 S/cm are reported when
using a bis-trifluoromethyl-functionalized sulphated poly(β-hydroxyether), while the use of more
flexible polymeric dopants led to films that could be elongated between 80 and 110% when heated
(91).
Further improvements in both mechanical and conducting properties are expected for PEDOT, as a
deeper understanding is gained of polymer/ion interactions.
Electrochemistry of PEDOT
The combination of an especially low oxidation potential and a relatively low band gap gives
PEDOT some unique electrochemical and spectroscopic properties not accessible in other polymers.
As the bandgap is located at the transition between the visible and near-IR regions of the spectrum,
PEDOT is strongly cathodically colouring and much more transmissive to visible light (sky-blue
transparent) in the doped and conducting state than it is in the reduced state (deep blue) (104). The
polymer exhibits a relatively broad cyclic voltammetric response with an E1/2 of about 0.0 V vs.
Ag/Ag+ when being cycled between doped and undoped states, which could also be characterised
by Raman spectroscopy (111). One interesting observation is that PEDOT can be electrochemically
switched without the use of a conducting electrode support. Chemically deposited films were found
to switch efficiently between doped and undoped states when the films were prepared on insulating
polyester sheets (112).
Recently, PEDOT is receiving a significant amount of attention as an electrode material for a
variety of uses. One of the most prevalent of these has been as conducting buffer between the
optically transparent ITO and the light-emitting or hole-transporting material in organic and
polymer LEDs (91). PEDOT has been used to improve the charge transfer rates between an
electrode and a redox couple in photoelectrochemical cells (113). Studies of PEDOT
electrochemistry in phosphate buffers show an especially high level of stability when compared to
polypirrole, suggesting that this family of polymers may also prove useful in biosensors and other
applications using biological media (114, 115).
4.2.2 Polyaniline
Polyaniline is a typical phenylene-based polymer having a chemically flexible −NH− group in a
polymer chain flanked on either side by a phenylene ring. The protonation and deprotonation and
various other physico-chemical properties of polyaniline can be said to be due to the presence of the
−NH− group (fig. 4.4). There are other polymers, such as poly-para-phenylene-sulphide, where the
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sulphur atom is also flanked on either side by a phenylene ring, but it is classified in a different
category, because undoping does not yield to the starting material.
Polyaniline is the oxidative
polymeric product of an aniline
under acidic conditions and has
been known since 1862 as
aniline black (116). At the
beginning of the twentieth
century, organic chemists began
investigating the constitution of
aniline black and its intermediate products. Willstatter and co-workers (117, 118) in 1907 and 1909
regarded aniline black as an eight-nuclei chain compound having an indamine structure. However,
in 1910, Green and Woodhead (119) were able to report various constitutional aspects of aniline
polymerization, although the concept of polymer was not yet introduced in chemistry. The
conclusions of their study were as follows:
• There are four quinoid stages derived from the parent compound leucoemeraldine.
• The minimum molecular weights of these primary oxidations of aniline are in accordance with
an eight-nuclei structure.
• The conversion of emeraldine into nigraniline consumes one atom of oxygen.
• The conversion of emeraldine into pernigraniline consumes two atoms of oxygen
• The conversion of nigraniline into pernigraniline consumes one atom of oxygen.
• The reduction of emeraldine to leucoemeraldine consumes four atoms of hydrogen.
• The reduction of nigraniline to leucoemeraldine consumes six atoms of hydrogen.
• The reduction of pernigraniline to leucoemeraldine consumes eight atoms of hydrogen.
These authors carried out oxidative polymerization studies, using mineral acids and oxidants such
as persulphate, dichromate, and chlorate, and determined the oxidation state of each constituent by
redox titration using TiCl3. They also extended their studies to the oxidative polymerization of
ortho- and para-chloroaniline and reported that dimethylaniline remained not attacked under these
experimental conditions.
During that period it did not occur to anyone to investigate its electrical and magnetic properties, for
the obvious reasons that organic compounds are insulators, though in 1911 Mecoy and Moore
suggested electrical conduction in organic solids (120).
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Fig. 4.4 Polyaniline: leucoemeraldine (Y = 1), emeraldine (Y = 0.5) and
pernigraniline (Y = 0)
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Almost 50 years later, Surville et al. (121) in 1968 reported proton exchange and redox properties
with the influence of water on the conductivity of polyaniline. However, interest in polyaniline was
generated only after the fundamental discovery in 1977 that iodine-doped polyacetylene has a
metallic conductivity (10). This raised research interests in new organic materials, with the hope to
have new materials that, thanks to their electronic structure and the combination of the metal-like or
semiconducting conductivity, could also combine the processability and flexibility of classical
polymers, together with the ease with which structural modification can be carried out via synthetic
organic chemistry methodologies.
Among all conducting polymers, polyaniline has received a special attention due to its:
• Easy synthesis.
• Environmental stability.
• Simple non-redox doping by protonic acids.
Non-redox doping by protonic acids is an important aspect because the number of electrons in the
polymer chain remains unchanged during the doping process. However, during doping all the
heteroatoms in polymer, namely nitrogen, become protonated.
This protonated form is electronically conducting, and the magnitude of increase in its conductivity
is a function of level of protonation as well as functionalities present in the dopant. The functional
group present in the doping acid, its structure and orientation play an important role in the
solubilization of the conducting form of polyaniline or for obtaining aqueous dispersions and
compatibility with other polymers (122-132).
Synthesis
The most important characteristic of monomer molecules, for the formation of a conducting
polymer, is the requirement of conversion of a closed-shell system into a corresponding cation or
anion radical and the formation of a stable product during the process (133). Polyaniline is prepared
by either chemical or electrochemical oxidation of aniline under acidic conditions. An aqueous
medium is preferable. The synthesis of the polymer by either chemical or electrochemical methods
depends upon the intended application of the polymer (133). Whenever thin films and better-
ordered polymers are required, an electrochemical method is preferable.
Electrochemical experiments have shown that oxidative polymerization of aniline occurs at 0.8 V
versus SCE.
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The second important aspect of polyaniline synthesis is the acid dissociation constant (pKa) of the
acid, because in polyaniline protonation equilibria involve exclusively the quinone diamine
segment, having two-imine nitrogen with pKa1 = 1.05 and pKa2 = 2.55 (132). Therefore, any acid
whose pKa value falls within that range, would be suitable as dopant, whereas the anilinium ion has
a pKa of 4.60 and the ammonium ion 9.24 (133).
Acids having pKa values around that of an anilinium ion would be suitable as solvents, if they are
liquid or can also be used to prevent over-oxidation of polyaniline.
Most acids, particularly organic ones, are not completely dissociated. Thus, the pH could be
adjusted for the polymerization reaction and for the doping of polyaniline, in order to arrive at a
phenomenological approach, dealing with at least one of the following aspects:
• Conductivity versus pH during doping.
• Efficiency of polymerization using different acids in various concentrations.
• Effects of size, solvation and electronegativity of a conjugated base associated with a given
acid.
The most preferred method for synthesis is to use either hydrochloric or sulphuric acid with
ammonium persulphate as an oxidant (127-131). Oxidative polymerization is a two-electron change
reaction and hence, the persulphate requirement is one mole per mole of a monomer (133).
In this way, emeraldine salt is prepared. The emeraldine base is obtained through dedoping of the
emeraldine salt with a base, e.g. ammonium hydroxide.
Influence of organic sulphonic acids
Aromatic sulphonic acids are derivatives of sulphuric acid in which one of the protons is substituted
by an aromatic nucleus. In general, they are strong acids comparable to sulphuric acid and are, for
the most part, hygroscopic, non-volatile, soluble in water and polar solvents, and chemically stable.
Aromatic sulphonic acids decompose upon distillation and are prone to hydrolytic desulphonation at
high temperature and pressure (133).
The advantages of using organic sulphonic acids as dopants are as follows:
• Other functional groups can be introduced in an aromatic nucleus changing the property of the
acid, which may modify the physicochemical properties of conducting polymers.
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• Alkyl chain substituted aromatic acids are known for their surfactant properties (e.g. dodecyl
benzene sulphonic acid). Therefore, they may help to induce solubilization of polyaniline by
micellar action.
• Camphor-10-sulphonic acids, particularly (+) camphor-10-sulphonic acid, have been used in
many organic syntheses to induce optical activity in a finished product.
By use of an appropriate organic acid, it would be possible to obtain geometric isomers selectively.
Therefore, these acids were utilised to modify the property of polyaniline (122-126, 134).
The electrochemical stability of PANI film at higher potentials is essential for its use as an
electrochromic material and as catalytic electrode. Similarly, soluble polyaniline is also required for
many applications in order to facilitate post-synthesis processing.
Conduction in polyaniline
In the previous chapters, some hints were already given at the conduction mechanisms in polymers.
At the molecular level, a polymer is an ordered sequence of monomer units. The degree of
unsaturation and conjugation influences charge transport via the orbital overlap within a molecular
chain. The charge transport becomes obscured by the intervention of chain folds and other structural
defects. The connectivity of the transport network is also influenced by the structure of the dopant
molecule. The dopant not only generates a charge carrier by reorganising the structure (chemical
modification), it also provides intermolecular links and sets up a micro-field pattern affecting
charge transport. Any disturbance of the periodicity of the potential along the polymer chain
induces a localised energy state. Localisation also arises in the neighbourhood of the ionised dopant
molecule due to the coulomb field (133).
Not all dopants can induce charge transport in polymers. It depends upon the redox energy of the
host and guest molecules and electrons will transfer form a high to a low redox energy. The initial
charge transfer on doping will be between dopant molecules and the proximal polymer site, but
subsequently some diffusion of the polymer charge, away from the immediate dopant to the site,
can be expected and polymer pair states will be generated. In equilibrium the number of polymer
pair states will equal the number of ionised dopants (133).
In view of this, let us see how charge transport occurs in polyaniline with a general composition
[(C6H4)x(NxHz)], which denotes that it is not a single well-defined material, but a mixture of various
oxidation states, in which protonation induces insulator-to-metal transition. This insulator-metal
transition is a function of protonation and can be studied by various techniques (133).
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The study of electrochemical properties of polyaniline in-situ by electron spin resonance (ESR)
spectroscopy shows an increase and then decrease of spin concentration upon oxidation and has
been interpreted as Curie spins (carboion polarons) to Pauli spins, forming a metal-like polaron
band (135).
Litzelmann et al. (136) have used electron energy loss spectroscopy [EELS] to obtain information
on the nature of the insulator-metal transition as a function of protonation. Their results indicate the
momentum dependence of the energy loss spectrum of electrons, which does not support
polyaniline to be considered as a granular metal. Similarly, the NMR and ESR study by Mizoguchi
et al. (55) indicates the absence of three-dimensional metallic islands, which again does not support
polyaniline as a granular metal.
The other experimental results, which are relevant to charge transport, are as follows:
• σdc conductivity (σdc shows variation of log(σdc) with temperature).
• Thermopower (s) is the function of temperature and degree of protonation. At 38% doping it is
independent of temperature (137).
• The d.c. magnetic susceptibility X for a two-ring repeat unit decreases rapidly with an increase
in dopant level.
• X-band ESR spectra could be resolved into Lorentzian and Gaussian lineshapes. However, in
presence of a linear dopant like para toluene sulphonic acid there is a pronounced asymmetry
with an A/B ratio of about 1.3 (137). This type of behaviour has also been reported in other
conducting polymers (138).
• Electronic spectra show an exiciton peak at 2.8 eV and broad absorption at 1.5 eV in emeraldine
hydrochloride (139). However, Cao et al. (140) have reported three spectral features at 1 eV, 1.5
eV and 3 eV for a polyaniline film spun cast from sulphuric acid solution onto sapphire on a
substrate and showing intrachain absorption at 1 eV and 3 eV and interchain absorption at 1.5
eV. (ref. Fig. 4.5)
Leucoemeraldine, which is an insulator with a large bandgap, showed an onset of pi-pi* transition
around 3 eV with a peak at 3.7-3.8 eV, whereas emeraldine base has two principal absorptions (2
eV and 3.9 eV). However, overoxidized polyaniline exhibits intense absorption at 2.2 eV and a
well-defined peak near 4 eV shown to be due to doubly charged bipolarons associated with a
quinoid unit (142, 143).
The following concepts emerge from experimental observations:
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• The conductivity σ(T) follows an exponential law (σ(T) ∝ T1/2 or T1/4), indicating that
electronic transport is dominated by hopping of the polaronic species. This can be explained by
involving models such as variable range hopping (VHR) (144-146), the quasi-ID VHR model
(147) or the metallic rods model (148).
Fig. 4.5 Internal redox reaction leading to formation of polaron and bipolaron as a function of the dopant: a)
formation of bipolarons, b) formation of 4 separated polarons (141).
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• Thermopower measurements indicate p-types of metal.
• An in-situ ESR study indicates first an increase and then a decrease in spin concentration,
indicating probably a bipolaron or a new type of polaronic species (149).
• In spin magnetic susceptibility, the Curie term is related to the existence of individual polarons
(fig. 4.5). The temperature dependence susceptibility is identified as a Pauli term, due to a
metallic island embedded in a sea of insulating islands, suggesting considering polyaniline as a
granular metal. However, as mentioned earlier, other observations do not favour polyaniline as a
granular metal. In this regard, a report (150, 151) suggests that temperature dependence
susceptibility possibly reflects the equilibrium between singlet and triplet bipolarons, whose
stabilisation is the result of the balance between the two charges and the coulombic attraction
with the doping centres.
Brédas et al. (152-154) have pointed out that polyaniline has only one defect (polaron or bipolaron)
band in the gap, unlike other conducting polymers, in which two defects bands are always observed.
Heeger (88, 155) has shown that intrinsic self-localisation in quasi-one-dimensional systems are
especially sensitive to localisation induced by disorder. Disorder-induced localisation is known to
convert doped conducting polymers from true metals with large mean free path and coherent
transport into poor conductors in which the transport is limited by phonon-assisted hopping (chapter
3). However, Philips and Wu (156) point out that if a bipolaron band is localised, it should carry no
current when disorder is present. They have suggested a simple model, in which defects by virtue of
the pairing constraints have an internal
structure. This structure leads to the
resonance effect and the narrow band of
conducting states, when the defects are
randomly placed.
DC conductivity
To better understand how complex is the
conduction mechanisms in this material here
are presented some experimental results
published for PANI-CSA.
Polyaniline doped with camphorsulfonic acid
has been shown to cross the insulator-metal
transition and show metallic behaviour at low
temperature (63, 157-159). The proximity of
Fig. 4.6 The reduced activation energy W = d ln
[σ(T)]/d ln T for selected PANI-CSA samples (82)
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the samples to the I-M transition can be controlled to some degree by the processing conditions (65,
67, 157, 158)
The traditional method for establishing that a material has undergone an insulator-metal transition is
based on the necessity to show that σdc is finite as T → 0 (69) and that the logarithmic derivative of
the temperature-dependent conductivity (W = d ln [σ(T)]/ d ln T, a generalised activation energy)
has a positive temperature coefficient at low temperature (81). For a conductor very close to the
insulator-metal transition, called critical sample, the resistivity follows a power law behaviour with
T (160). The plot of log W vs. log T for a critical sample approaches T = 0 K at a constant value,
providing a dividing line between the plot of log W vs. log T for insulating hopping behaviour,
which increases with decreasing T (i. e., the slope of log W vs. log T is equal to —γ if σ ∝ exp
(T0/T)γ), and the plot of log W vs. log T for metallic samples, which decreases with decreasing T.
The W plots for PANI-CSA are shown in fig. 4.6. The lettering for each sample reflects the relative
behaviour of the W plot for the various samples.
The W plot for sample A has a positive slope at low temperature, indicating that is metallic at low
temperature. Measurements of σdc for sample A at millikelvin temperature also show a large finite
conductivity (σdc > ~ 70 S/cm) down to ~ 20 mK (82), confirming the presence of delocalized states
at the Fermi level as T → 0. Therefore, sample A has crossed the IMT and is metallic. However, the
remaining samples show a negative slope at
low temperature, varying from -0.2 to -0.7, is
characteristic of the hopping transport shown
by samples that are insulating at low
temperature (σdc(T) = σ0exp[—(T0/T)γ]). As W,
the reduced activation energy, increases in
magnitude, the samples become more
insulating and the exponent γ grows. For
samples B and C, γ ~ 0.25, indicating 3-D
variable range hopping at low temperature. For
samples D-G, γ ~ 0.5-0.7, suggesting that the
localisation is now more quasi-1-D. Therefore,
as the materials become more insulating, the
charge transport becomes more characteristic
of hopping on isolated chains with reduced
dimensionality (in the disordered regions).
Reflectance
Fig. 4.7 Room temperature reflectance for (a)
PANI-CSA samples E-G and (b) PANI-CSA
samples A-D (82).
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For free electron metals such as copper (85), silver (85),and aluminium (161), the reflectance
approaches unity at low frequencies and remains high up to frequencies near the conduction
electron plasma frequency (Ωp1) for that system. Figure 4.7 shows the room temperature reflectance
for samples A-G. At low energy, the reflectance approaches unity for PANI-CSA samples A-D. The
value of the reflectance in the far IR at 6 meV (206,666.7 nm) scales with σdc for that sample (table
3.1), providing an independent verification of the σdc(RT) for each sample (82). At higher energy,
the reflectance for samples A-E decreases monotonically with increasing energy to a minimum near
~ 2 eV (620 nm), the conduction electron plasma frequency. Two distinct peaks are observed at
higher energy near 2.8 (442.8 nm) and 1.5 eV (826.6 nm), attributed to interband transitions within
a polaron lattice (162, 163).
For samples F and G, there is a strong peak at 1.5 eV, more pronounced in the lowest σdc sample, G.
When the peak at 1.5 eV is strong, the reflectance in the far red is diminished. This indicates that
there is a second “localization-delocalization” transition from isolated polarons localised to one or
two C6H4N repeat units to partially delocalized charges that are proposed (76) to extend over
distances of ~ 10-100 Å.
This second transition seems directly influence the conductivity of the samples. Therefore, it is
absent in samples with a more metallic characteristic.
The debate about the mechanisms of conduction in polyaniline, and conducting polymers in
general, is still open. Polyaniline has the particular disadvantage to be normally a mixture of
different forms, making its analysis particularly difficult.
Nevertheless, this difficulty of understanding the behaviour of polyaniline has not stopped
researchers to find many practical applications, such as: electrodes for polymeric batteries, OLEDS,
antistatic layers, electro static dissipators, biosensors, electrochromic devices, separation of gasses,
corrosion inhibitors, anti-corrosion layers, etc.
4.3 Semiconducting polymers
4.3.1 Polythiophenes
Oligo- and polythiophenes present all aspects of a rich and homogeneous family of conjugated
compounds, thanks to the extraordinary fecundity of thiophene chemistry. Since the discovery of
conducting polythiophene (PT) in 1982 at CNRS in Thiais, France, a tremendous number of
substituted derivatives have been synthesised and their electronic properties investigated. If one of
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the early goals has been to improve the conductivity by controlling growth and structure of the
polymer, very rapidly new targets emerged (164).
Grafting an adequate substituent on the main PT chain on a lateral carbon site provides an
additional property such as solubility, which is required to prepare free-standing films on any
surface. Other substituents allow to introduce optical, magnetic or liquid crystalline properties.
Besides, “functionalized” PTs combine electrical conductivity with a second activity that can be
triggered by electricity. Depending on this functionalization, PT derivatives can operate complex
functions like, for example, selective recognition of biomolecules (DNA, oligonucleotides) (164).
Another important research field aims at controlling the molecular and structural ordering of
semiconducting PT in view of improving its charge transport properties (164).
Polyalkylthiophenes
In the quest for soluble and processable conducting polythiophenes, alkylthiophenes were
polymerised. Poly(3-methylthiophene) (PMT) was chemically synthesised and was found to be
insoluble (165, 166). The first chemical synthesis of environmentally stable and soluble poly(3-
alkylthiophenes) (PATs) was reported by Elsenbaumer in 1985 (167, 168). Very shortly after this
report, other groups (169-171) also reported both the chemical and electrochemical preparation of
PATs. Poly(3-alkylthiophene) (fig. 4.8), with alkyl groups longer than butyl, can readily be melt- or
solution-processed into films, which after oxidation can exhibit reasonably high electrical
conductivities of 1-5 S/cm (167-172).
However, it should be
pointed out that initial
methods, developed for
synthesise the PATs,
produced irregular
polythiophenes. That is to
say that the self-coupling of
3-alkylthiophene occurs with
no regiochemical control,
which produces a defective
PAT.
While all of these methods
reduce or eliminate 2,4-
linkages, they do not solve the lack of regiochemical control over head-to-tail coupling between
Fig. 4.8 The synthesis of poly(3-alkylthiophene).
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adjacent thiophene rings. Since 3-alkylthiophene is not a symmetrical molecule, there are three
relative orientations available when two thiophene rings are coupled between the 2- and 5-positions.
The first of these is 2,5’ or head-to-tail coupling (referred to herein as HT); the second is 2,2’ or
head-to-head coupling (HH); the third is 5,5’ or tail-to-tail coupling (TT). All the early methods
afford products with three possible regiochemical couplings: HH, TT, and HT. This leads to a
mixture of four chemically distinct triad regioisomers when 3-substituted (asymmetric) thiophene
monomers are employed (fig.4.9) (173, 174). These structurally irregular polymers will be denoted
as irregular or non-HT. Irregular, substituted polythiophenes have structures where unfavourable
HH couplings cause a sterically driven twist of thiophene rings resulting in a loss of conjugation.
On the other hand, regioregular HT poly(3-substituted)thiophene can easily access a low energy
planar conformation leading to highly conjugated polymers. Increasing torsion angles between
thiophene rings leads to greater bandgaps, with consequent destruction of high conductivity and
other desirable properties (174).
The deleterious effects of non-HT coupling were first examined by Elsenbaumer et al. (174). It was
shown that the polymerisation of a 3-butylthiophene-3’-methylthiophene dimer, which contains a
63:37 mixture of HT:HH couplings, leads to a three-fold increase in electrical conductivity over the
random copolymerization of butylthiophene and methylthiophene (50:50) reaction. Therefore,
increase in HT coupling leads to a more highly conductive PAT.
The conformational energetic consequences of each of the possible regioisomers that can occur in
PATs (the four oligomeric triads) have been modelled in the gas phase by molecular mechanics and
ab initio methods (175, 176). For the HT-HT example, both methods indicate that the thiophene
Fig. 4.9 Possible regiochemical couplings in PATs: a) Head-to-Tail-Head-to-Tail coupling (HT-HT); b) Tail-
to-Tail-Head-to-Tail coupling (TT-HT); c) Head-to-Tail-Head-to-Head coupling (HT-HH); d) Tail-to-Tail-
Head-to-Head coupling (TT-HH).
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rings prefer a trans co-planar orientation. Structure with the rings twisted up to 20° (molecular
mechanics) or up to 50° (ab initio-STO-3G) from complanarity all lie within less then 1 Kcal of
each other on a very flat potential energy surface and accordingly are easily accessible (177). The
advantage of HT coupling is supported by crystallographic evidence from HT-HT oligomers of 3-
metylthiophene (178). HT trimers of 3-metylthiophene are calculated to have a torsional angle of
7°-8° between conjoined rings (175). This fact compares favourably with the 6°-9° observed in the
X-ray structure of unsubstituted α-terthienyl (178).
Introduction of a head-to-head coupling, as in the HT-HH example, dramatically alters the
calculated conformation at the defective HH junction. The thiophene rings maintain a trans
conformation, but they are now severely twisted, approximately 40°, from complanarity (175) and
even a 20° twist is not favoured by over 5 Kcal. Planarity is impossible, as indicated by gas phase
calculations. The calculations indicate that head-to-head couplings destroy conjugation, inhibiting
intrachain charge mobility (179), and can result in poor electrical conductors in polythiophenes that
contain non-HT connectivity. It is important to point out that Bredas has reported that the pi orbitals
must be within 30° of complanarity in order to achieve enough overlap to generate conducting
polymer band structure (180).
Synthesis of regioregular head-to-tail PATs from asymmetric coupling of asymmetric
monomers
The first synthesis of regioregular head-to-tail coupled poly(3-alkylthiophenes) (PATs) was
reported by McCullough (181) early in 1992. The PATs synthesised with this method contain
≈100% HT-HT couplings. This new synthetic method regiospecifically generates 2-bromo-5-
(bromomagnesio)-3-alkylthiophene, which is polymerised with catalytic amounts of Ni(dppp)Cl2,
using Kumada cross-coupling methods to give PATs with 98-100% HT-HT couplings. With this
approach, HT-PATs were prepared in yields of 44-69% in a one-pot, multi-step procedure.
The polymer is precipitated in MeOH, washed (fractionated) with sequential MeOH and hexane
Soxhlet extractions and then recovered by Soxhlet extraction with chloroform. Molecular weights
are typically in the range of Mn = 20-40 K (PDI ≈ 1.4) (174).
A different synthetic approach was described by Chen and Rieke (182-186). This related coupling
approach differs primarily in the synthesis of the asymmetric organometallic intermediate. With the
Rieke method, a 2,5-dibromo-3-alkylthiophene is added to a solution of highly reactive “Rieke
zinc” (Zn*). This metal reacts quantitatively to form a mixture of the isomers, 2-bromo-3-alkyl-5-
(bromozincio)thiophene and 2-(bromozincio)-3-alkyl-5-bromothiophene. The ratio between these
two isomers is dependent upon the reaction temperature and, to a much lesser extent, on the steric
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influence of the alkyl substituent. Although there is no risk of metal-halogen exchange, cryogenic
conditions must still be employed because the ratio of the two isomers produced is affected by the
temperature. The addition of a Ni cross-coupling catalyst, Ni(dppe)Cl2, leads to the formation of
regioregular HT-PAT, whereas addition of the Pd cross-coupling catalyst, Pd(PPh3)4, will result in
the formation of a completely regiorandom PAT. After precipitation and Soxhlet extraction, the
yield for these reactions is reported to be ≈75%. Molecular weights for polymers prepared by this
method are Mn = 24-34K (with a PDI = 1.4). One advantage of the Rieke method is that highly
reactive Rieke zinc affords a functional group tolerant synthesis. Both the McCullough and Rieke
methods of synthesis of regioregular HT-coupled polythiophenes produce comparable materials,
which are not spectroscopically distinct. Both methods appear to be generally applicable to
thiophenes that are tolerant to organolithium, Grignard reagents, or zinc reagents (174).
Self-assembly and electrical conductivity in HT-PATs
One of the most fascinating
differences in physical property
between irregular PATs and
regioregular HT-PATs is that
supramolecular ordering occurs in
regioregular HT-PATs and not in
irregular PATs. Self-assembly in
regioregular HT-PATs was first
discovered by McCullough (174, 187,
188). Solution light scattering studies
by Berry (39) coupled with X-ray
studies by McCullough (187) and
Winokur (189) on thin films show that macromolecular self-assembly occurs in these conducting
polymers (fig. 4.10) (40).
The self-assembly structure leads to a large increase in electrical conductivity in HT-PATs as
compared to irregular PATs. While the measured conductivity of HT-PAT films, cast from the same
sample, can differ markedly, as a result of varying morphology from film to film, the maximum
value of conductivities of HT-PDDT (doped with I2) have been reported to be 1000 S/cm (187).
Values for other HT-PATs synthesised by McCullough (175, 176, 178-181) exhibited maximum
electrical conductivities of 200 S/cm for POT and 150 S/cm for PHT (187). McCullough et al. have
routinely measured conductivities of 100-200 S/cm in these samples in HT-PDDT (188). In
Fig. 4.10 Self-assembled conducting polymer superstructure
form from regioregular polythiophenes by X-ray and light
scattering studies (188).
Object of the thesis and chemistry of the conjugated polymers studied
70
contrast, PDDT from FeCl3 generally gave conductivities of 0.1-1 S/cm (58-70% HT). Rieke and
co-workers have also reported that the electrical conductivities for their HT-PATs are 1000 S/cm
(185). Rieke also reports that the average conductivity for HT-PBT is 1350 S/cm, with a maximum
conductivity of 2000 S/cm (185).
Regioregular polythiophene FETs
Regioregular poly(3-alkylthiophenes)s, as compared to the corresponding regiorandom ones, show
smaller band gaps, better ordering and crystallinity in their solid states, and substantially improved
electroconductivities (185). The transistor properties of poly(3-alkylthiophene)s showed high field-
effect mobilities and high on/off ratios.
The high mobilities in regioregular P3HT may be related to better ordering in these films (190). A
very strong, sharp diffraction peak at 5.4° is observed for all samples in the reflection X-ray
geometry, corresponding to an intermolecular spacing of 16.36 Å of the well-organised lamellar
structure. However, the major peak visible under electron diffraction is around 3.7-3.81 Å, which
corresponds to the distance of thiophene rings in their stacks formed between adjacent chains. This
indicates preferred orientation, so that the hexyl side chains may be close to normal to the substrate
and the backbone is essentially parallel to the substrate (fig. 4.11). Such preferred orientation might
account for the relatively high
mobilities in these polythiophenes,
since it would place the transport
direction (i.e. that between thienyl
rings) parallel to the substrate (22, 191).
The performance of these regioregular
poly(3-alkylthiophene) devices varies
significantly with solvents used for film
preparation. This might be due to the
difference in film forming qualities
when different solvents are used. It was shown that, when THF was the solvent, P3HT precipitated
out during solvent evaporation, resulting in a non-uniform and discontinuous film. In the case of
other solvents, different degrees of film discontinuity occur, depending on the solubility of the
polymer (which, in any case, is always low) and on the nature of the solvent (7, 22).
Devices have been prepared through both casting and spin-coating, and the mobilities obtained from
cast films are normally higher, possibly because slow evaporation of the solvent enables slower
growth of films and therefore allows ordering (192).
Fig. 4.11 Possible conformation of regioregular PHT in cast
films (22).
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The influence of the side chains in PATs was studied by preparing transistors from regioregular
poly(alkylthiophene)s with octyl (POT) and dodecyl (PDDT) substituents and by studying their
electrical characteristics. POT has a similar field-effect mobility as PHT, while PDT has a much
lower mobility. Both PHT and PDDT have very strong, sharp diffraction peaks at 5.4° 2θ (16.36 Å)
and 4.4° 2θ (20.10 Å), respectively. These spacings correspond to the chain distances of a well-
organised molecular layer structure. PDDT showed a much weaker diffraction peak at 3.2° 2θ
(27.10 Å), indicating lower crystallinity or orientation. In addition, its higher volume fraction of
insulating side chains may also contribute to its low field-effect mobility (22).
Poly(3,3”-dihexyl-2,2’:5,2”-terthiophene)s
To get round the problem of obtaining
regioregular PATs from asymmetric
monomers, Gallazzi et al. (31) polymerised
regiodefined substituted trimers with a non-
substituted central unit, obtaining the
poly(3,3”-dihexyl-2,2’:5,2”-terthiophene)
(PDHTT). With the aim of combining full
regioregularity of the side chain distribution
with the advantages of a larger spacing
between the side chains in order to reach a
material with improved properties. (Ref. Fig. 4.12)
This approach overcame the lack of regiospecificity of the two simplest polymerization methods
(the electrochemical and the chemical method based on FeCl3 as catalyst) (194).
The polymer was obtained as a black-red, shining powder. Very compact golden films were
obtained by solution casting. X-ray diffraction study on a free-standing film indicated that the as-
cast film had a good degree of crystallinity and a high amount of orientation without stretching.
First and second order reflections were clearly resolved at 6.78° 2θ and 13.47° 2θ, and the third was
visible at around 20.43° 2θ. An interlayer spacing was calculated to be 13.02 Å (194). This spacing
value is significantly lower then the value of around 16 Å reported by several authors for poly(3-
hexylthiophene) (22, 195-198). This discrepancy can be explained by assuming a different mode of
packing due to the highly regular and well-spaced distribution of the alkyl chains in the polymer
(fig. 4.13, for simplicity’s sake the side chains are represented in trans conformation) (194).
The polymer had a λmax of 546 nm in the solid state, and a Mn of 1×104. The λmax value indicated
that PDHTT was highly conjugated. The Conductivity of iodine-doped polymer was 100 S/cm,
Fig. 4.12 Poly(3,3"-dihexyl-2,2':5,2"-terthiophene)
(193).
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while, when doped with FeCl3, it was 10 S/cm.
The doped state is calculated to be stable for 10-
20 years. This high doping stability is in
accordance with the hypotheses suggested by
Zerbi et al. (199) and with the experiment on
copolymers reported by Inganäs et al. (200),
showing the importance of creating sufficient
room along the backbone to accommodate the
dopant, particularly at high temperature, when
the thermal motion of the chains becomes
relevant (194).
4.4 Polymeric gate insulators
In FET configurations, the interface of the gate
insulator and organic semiconductor layer plays
a crucial role for charge transport (201, 202).
Garnier et al. built an organic transistor (with
bottom gate configuration), using a polymeric material of cyanoethylpullulan (CYEPL) for the gate
insulator instead of the silicon oxide. Surprisingly, they found that an oligothiophene
(sexithiophene) showed a mobility of 0.46 cm2/Vs on CYEPL with a high dielectric constant, the
mobility being almost a thousand times higher than that measured on SiO2 as gate insulator (203,
204). Waragai et al. also reproduced this trend; the highest mobility recorded was 3.0 cm2/Vs for
DMSxT on CYEPL, which was more then a hundred times that measured on SiO2 (202, 205). It
should be emphasised that these mobilities are comparable to, or even surpass, that of amorphous
silicon (202).
Since CYEPL film was fabricated by solution casting in both the above cases, the interface between
the CYEPL and oligothiophene layer would be disordered considerably. In such a case, usually, the
mobility may be decreased due to electron scattering at the rough interface resulting from the
solution casting. It is, therefore, natural to ask why, in contrast to what might be anticipated, high
mobility is achieved on CYEPL (206), but an answer is still missing.
The above results show that building transistors on polymeric substrates and with polymeric gate
insulators is not only a technological advantage for roll-to-roll productions, but, most probably, also
enhance the performances of organic semiconductors.
Fig. 4.13 Possible lateral arrangement of two
polymer chains of PDHTT and of PHT (194).
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Until now, the discussion whether it is better to use insulators with high or low dielectric constants
is still open (207). It could be found in literature a wide variety of insulating polymers used as gate
insulators for building organic FETs. Normally, polymers with high dielectric constant, like
polyimide, poly(methyl methacrylate) (PMMA), poly(vinylphenol) (PVP) (207-215), and even
polyester films (216) are preferred, in order to enable the demonstration of FETs that operate at
significantly reduced voltages. In addition, the use of organosilsesquioxanes was also found suitable
for building working devices (3). Precursors of these materials and low-molecular-weight oligomers
are commercially available from various sources. They have the empirical formula RsiO1.5, were R
can be hydrogen, alkyl, alkenyl, alkoxyl, and aryl. The glass resin oligomers are soluble in common
organic solvents that permit the use of conventional liquid-coating techniques to produce films of
the required thickness.
Recently Veres et al. (207) proposed the use of insulators with a relative permittivity close to 2,
such as, polyisobutylene, poly(4-methyl-1-pentene), poly(perfluoroethylene-co-butenyl vinyl ether),
and copolymers of polypropylene. When a low-k gate insulator is used, as they claim, device
performance is significantly improved: namely increased mobility, reduced threshold voltage, and
lower hysteresis are shown. This is particularly evident in the case of amorphous organic
semiconductors.
5 Printing and coating
Printing and coating are very old processes; but the modern version of these techniques has its
origin in the medieval age with the printing machine of Gutemberg. Since then, a lot of industrial
processes have been developed.
In the second half of the last century, however, both printing and coating technology seem to have
reached the maximum development, and new fields of application appeared hard to discover as well
as further technological improvements were judged anti-economic.
The appearance of the conjugated polymers on the technological scene, connected to the possibility
to use them in solution instead of the normal inks for building new electronics, opened a completely
new field of application for those technology and brought renewed energies in their growth.
For performing our research after choosing the polymers for the transistor functional layers
(chap.4), a selection between the conspicuous number of coating and printing techniques, nowadays
available, has been necessary.
In this chapter, it will be presented the parameters considered in selecting the techniques and then
described the basic operation of the selected ones. In any case, the main idea followed was
primarily to respect the polymers solutions avoiding the use of additives and weights in order to
adapt them to the printing methods, thus the techniques that better could process the rough solutions
were preferred.
In this way it was avoided the overlapping of the two influences on the electrical properties of the
film, one caused by the additives left after deposition and drying process, the other caused by the
printing process itself.
5.1 Basics of printing and coating techniques
Printing and coating have been well-established technologies for several centuries. The term coating
is normally used to describe the processes of applying a continuous film on a substrate. Printing, on
the other hand, describes technologies in which ink is transferred on substrate in a patterned way, in
order to transfer and/or reproduce information and images. Sometimes the same technology can be
used for both these purposes, e. g. a technique like gravure printing can be used for coating or for
printing.
Printing techniques (fig.5.1) can be categorised as conventional or digital. Conventional printing
includes:
Printing and coating
75
• Relief printing, like letter press and flexography, which utilises raised printing plates, the raised
areas of the plates transferring the ink onto the substrate (217).
• Planar printing, like offset lithographic printing; chemical treatments are used to ensure that the
ink adheres to some areas and not to others of the printing roller. The effect of the treatment is
to create areas of different surface energy on the plate (218).
• Gravure printing, including pad printing, consists of a roller (or plate in the case of pad
printing), in which images are engraved in the form of cells; ink fills the holes and it is
transferred to the substrate.
• Screen-printing, where the ink is squeezed through the open pores of the stencil mesh by a
squeegee, that serves as supply- and distribution-pipe of the ink (219).
Digital printing is divided into:
• Ink-jet printing is a non-impact means of generating images by directing small droplets, or
particles, in rapid succession onto the surface of a substrate under computer control. One
differentiates between continuous jet and impulse or drop on demand (like the desktop ink-jet
printers) (218).
• Electrography, like xerography, commonly used in photocopiers and laser printers. The image is
produced by causing light to affect the charge distribution on a photoconductive drum or belt.
The charge pattern is subsequently used to attract toner, which is then transferred to paper. The
toner is then fixed by some means and forms the final image (218).
• Magnethography, using a hard drum with magnetic coating similar in properties to that on a
recording tape or floppy disc. The "image" is produced by an array of electromagnets, which
create magnetised areas on the drum. These areas are developed by using magnetic toner
particles (218).
5.1 Selecting a printing or coating method
None of the basic families of printing or coating techniques can be applied for all purposes, because
those processes involve very different coating and ink weights, solvents, and viscosity. To achieve
the desired quality and functionality of a layer in an economical way, the appropriate coating
method must be selected (220). Here are presented some general guidelines for making that
decision.
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Usually more then one method can meet the requirements. Nevertheless, one of them may represent
the "best" method, and when requirements are stringent, only one method may be usable. Empirical
tests are needed to check the results produced by any chosen method.
The first step in selecting an appropriate technique involves listing the properties of the fluid(s) and
the desired properties of the layers and machines. The following independent key variables tend to
determine the best method (220):
• Number of layers
• Wet layer thickness
• Viscosity (and viscoelasticity)
• Layer accuracy required
• Layer support or web
• Processing speed
5.1.1 Number of layers
Most methods produce one layer at a time. To have several layers means to make several passes, or
one pass on a multistation machine, where one layer is applied and dried before the next layer is
added. However, in the case of coating, three techniques can simultaneously apply more than one
layer: (1) a slot or extrusion coating head that normally has one slot, but can have two or even more;
(2) slide coaters, which are used extensively to coat colour photographic films, most of which have
at least nine layers, and are designed to apply an almost unlimited number of layers simultaneously;
(3) curtain coaters, whose coating head is a slide coater, dispensing layers off a rounded edge, and
which also is used for multilayer colour photographic films (220).
5.1.2 Wet layer thickness
Thickness constitutes a major factor in determining the appropriate method. Thin layers tend to be
more difficult to coat, but some methods, such as gravure, cannot produce thick layers. While
product properties depend on the dried layer thickness, dry thickness is irrelevant to the coating
process; only wet thickness and the properties of the wet layer are important in coating and printing.
This vital property can be varied by operating with more concentrated or diluted fluids (220).
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5.1.3 Viscosity (and viscoelasticity)
Rheology, the science of flow and deformation, is critical for understanding coating and printing
use, application, and quality control (221). The term rheology covers both viscosity (including
viscosity as a function of shear rate) and viscoelasticity.
Viscosity, the resistance to flow, is the most important rheological characteristic of liquids and
therefore of coatings and inks. It is simply the ratio of shear stress (τ) to shear rate (D) (221).
Shear stress, τ = 
area
force
 (N/m2)                                                (1)
Shear rate, D = 
thickness
velocity
 (sec-1)                                             (2)
Viscosity, η = 
D
τ
 (Pa⋅sec)                                                       (3)
Shear stress, indicated above, is the force per unit area applied to a liquid. Shear rate is the amount
of mechanical energy applied to the liquid. Applying equation 3, the viscosity unit becomes Pascal-
seconds (Pa⋅sec) in the international system of units. Viscosity, however, is also expressed in dyne-
seconds per square centimetre or Poise (P) and its submultiple centipoise (cP) (1 Pa⋅sec = 1000 cP)
(221). Water has a viscosity of about 1 cP, while screen inks are much more viscous and range from
1000 to 10,000 cP for graphics and as high as 50,000 cP for some highly loaded polymer thick film
(PTF) inks and adhesives.
Viscosity is rather a simple concept. Thin or low viscosity liquids flow easily, while high viscosity
ones move with much resistance. The ideal, or Newtonian, case has been assumed. With Newtonian
fluids, viscosity is constant over any region of shear. Unfortunately, very few liquids are truly
Newtonian. More typically, liquids drop in viscosity as shear or work is applied. The phenomenon
was identified above as shear thinning (221).
Although this fact explains the importance of understanding the viscosity at the shear rates,
frequently only one viscosity is known, because the equipment to measure viscosity as a function of
shear rate is expensive. In addition, the shear rates experienced in the coating process are often
completely unknown, and can be estimated only crudely at best (220).
Viscoelasticity of the coating fluid also is important, yet it is even less known, than about the shear
thinning behaviour of polymer solutions, because viscoelasticity is difficult to measure and even
more difficult to model and describe. It is known that all polymer solutions show viscoelastic
behaviour in some regions of shear and elongation rates. Having some viscoelasticity in the fluid
improves some coating operations, yet excessive viscoelasticity can cause coating defects such as
ribs (220).
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5.1.4 Layer accuracy
Any method could give a wide range of control, depending on how the device is constructed and
run. If extreme care is taken to optimise the system, better results can be produced; a sloppy
operation will perform much worse (220).
5.1.5 Layer support
The nature of the support or substrate is a critical consideration in selecting the printing and coating
method and will affect the nature of the final result. Substrates can be impermeable (so that the ink
remains an integral layer on the support) or permeable (so that the ink penetrates the support and
affects the uniformity). The wetting characteristics of the surface, its smoothness or roughness of
texture, are also to be considered. A high surface tension fluid will not coat a low surface tension
support.
Surface tension is defined as the excess force per unit length at the surface (222). Although the
surface between two phases is often represented as a plane, it actually has a finite thickness in
which there are very sharp concentration and density gradients. In the bulk of a liquid, a molecule is
attracted equally to all the neighbouring
molecules. However, at the surface of a liquid,
a molecule is attracted only downwards and
sideways but not upwards, because there are
no similar molecules above it. Sharp
composition or density gradients and these
molecular forces create a special state of stress
at the surface that acts entirely tangential to the
surface (223). This tangential stress, or surface
tension, makes surfaces tend to contract in
order to be as small as possible.
Although surface tension and surface energy
are numerically the same, they are expressed
in different units. Surface tension is described in N/m and surface energy in J/m2 (N/m×m/m).
With a contact angle measuring system, a measuring method is used for determining the contact
angle, which is generally known as the sessile drop method. Measurement of the advancing contact
angle is the most reproducible way for measuring the contact angle. It is normally used for the
calculation of the surface free energy.
Fig. 5.2 Advancing contact angle produced with the
syringe.
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While measuring the advancing contact angle, the syringe remains in the drop during the whole
procedure (fig. 5.2).
A drop is deposited on the solid surface. The drop is slowly enlarged by adding more liquid. The
contact angle initially
increases, and then the drop
starts to wander over the
solid surface. The contact
angle is measured as soon
as the drop remains still or
during its (slow!) advance
across the solid surface.
The higher the viscosity of
the test liquid, the more
slowly it must be added.
Sedimentation effects, alterations because of differing vapour pressures of the various components
or solution effects at the solid surface are eliminated. In this way, only the physical interactions
between the surface and the liquid are recorded. By continuously wetting fresh surfaces, the
advancing angle simulates the contact angle, which is formed directly on the contact of liquid and
solid.
The measured contact angles can be used either for determining directly whether a surface is
wettable by a liquid or not (fig. 5.3), or for calculating the surface energy. In the latter case liquids
with different known surface energies are used. Then different evaluation methods are available for
determining the surface energy of solids from the measured contact angle data.
5.1.6 Printing and coating speed
Desired printing and coating speed can also be an important determinant in the choice of a
production method. Some methods are inherently limited to certain speed ranges. Although, most
methods can be used at low speeds, and all methods have a limited upper speed, some work better at
higher speed (220).
5.1.7 Other factors
Other factors that also can play a role in determining the printing and coating method include (220):
• Dried layer weight
Fig. 5.3 The contact angle could indicate if a surface is wettable or not.
For Θ > 90° the surface energy of the substrate is higher then that of the
liquid, and the latter tends to retract and does not wet the surface. For Θ
< 90° the liquid has a lower surface energy and wets the substrate.
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• Solvent system
• Viscosity response to temperature
• Preferred working temperature
• Binder system
• Solid loading
• Surface treatment
These factors, however, are usually less important. The solvent system, for example, has a major
influence on the dryer rather than on the method of applying the ink, while solvent volatility,
toxicity, and flammability influence the construction of the enclosures around the applicator.
5.1.8 Drying
All applicators, that use a solvent level, must have a dryer along with the applicator, so that the
layer is dry and usable at the end of the process. Therefore, the characteristics of the dryer become
important. A short dryer with a low level solvent removal rate will restrict the printing and coating
process, whereas a high solvent removal rate will extend the range of techniques that can be used
(220).
5.2 Techniques used during work on the thesis
From the printing and coating techniques described above, the ones with the least impact on the
self-assembling properties of the functional layers were chosen. Here following, the techniques
selected, which in our opinion better fulfil the requirements previously exposed, are presented.
5.2.1 Doctor blade
Doctor blade is a kind of knife coating. It is a process by which a thin liquid coating is formed on a
substrate by the application of an excess of coating liquid, which is subsequently metered by a rigid
knife held in close proximity to the substrate (224).
The knife is moved with constant speed on the substrate and the solution in excess is doctored on it,
while micrometrical screws control the slit between the knife and the substrate. Solutions with a
wide range of viscosity can be used. Controlling the speed is fundamental for the quality of the
coated film. With this technique, homogeneous and smooth films are achievable, but it does not
allow any kind of direct patterning. Therefore, an indirect printing technique should be added, when
a patterning is required.
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This machine is usually simple, inexpensive, and extremely versatile (224), able to coat over a wide
range of thicknesses, speeds and viscosity. In general, these devices are not as precise nor do they
coat films of as high uniformity as premetered devices such as slot, slide, or curtain coaters.
The wet film profile is similar to the one of a slot die. In the case of very low viscosity, the capillary
forces are predominant. Thus, the liquid is homogeneously distributed along the blade length, and
the wet thickness of the film can be assumed half the gap between the blade and the substrate.
However, it should also be considered that it is a batch process, where the total volume of the
solution is fixed at the beginning of the run. This volume constantly decreases, due to the absence
of a feeding circuit. The result is a slight decrease in the thickness of the dry film, from the
beginning to the end of the run.
The average thickness of the dry film can be varied by varying the solid concentration in the
solution.
5.2.2 Slot coating
Premetered coaters refer to machines, such as slot, slide, and curtain coaters, in which all the fluid
fed to the coating
head is applied to the
web. In many other
coaters, such as dip
and roll coaters, the
amount of fluid
picked up or applied
to the web results
from fluid properties
(mainly viscosity)
and factors such as
web and roll speeds
(223).
Even these
premetered coaters
are not "premetered"
in the strict sense, for in some instances, the web does not pick up all the fluid fed to the head. If the
coating bead is flooded, for example, fluid overflows at the side or drips down under the lip. In
other instances, the flow is too low to coat evenly and the coating consists of lines or patches.
Fig. 5.4 Slot coating head (225).
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Gap G
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When all the fluid fed to the head is coated, then the wet coverage, t, equals the flow rate per unit
width, q, divided by the coating speed, U, or:
U
q
t =                                                                                 (4)
If q is in cm3/(s⋅cm width) and U is in m/s, then the equation should be written as:
U
q
m
cm
sm
scm
U
q
t 100100
/
/2
==                                                 (5)
To give t in cm3/m2, which is identical to µm thickness (223).
In these coaters, the coating fluid is forced out of a slot formed by two metal plates held close to the
web. Within the coating die a distribution system, consisting of a distribution chamber and a feed
slot, provides a uniform liquid flow rate over the coating width (225). In figure 5.4 the coating gap
clearance is the distance between the coating head and the web. Both menisci are pinned to the
outer edges of the lips. The film forming meniscus is located downstream of the feed slot and forms
the wet film surface; the wetting meniscus is upstream of the feed slot and wets the substrate (225).
If an edge is not sharp, it will not pin the meniscus, permitting oscillations that result in chatter-type
defects. According to a Ciba-Geigy patent (226), the radius of curvature of an edge should be no
more than about 50 µm to pin the meniscus.
In slot coating operations, viscous and capillary forces are dominant. The gap clearance is small.
The coating gap under the downstream die lip is filled by the liquid and the upstream coating gap
can be partially or completely filled (225).
The slot coaters do not require a backing roll or plate. They can also coat against unsupported web.
Then the coating gap is controlled by the web tension and stiffness, the degree to which the coating
head penetrates into the normal web path, the angle the head makes to the web path, and the flow
rate. Using lubrication theory, it could easily be shown that the width of the gap will be
approximately double the final wet thickness of the coating (223).
When the web lies parallel to the coating lips, the velocity profile between the upper lip and the web
will be linear (223). The velocity will equal the web velocity, U, at the web and be zero at the lip.
The average velocity will be half the web velocity, and the flow rate becomes the average velocity
times the gap, G. Downstream, the coating moves with the web, and the flow rate equals the web
velocity times the coating thickness, t. Thus:
tGUtGU 2
2
=⇒=                                                           (6)
If the web is not parallel to the lips, the width of the gap will differ slightly from this value. It
should be noted that Eq. (6) is independent from the nature of the liquid, its flow rate and web
speed.
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Because coating thickness correlates with the size of the coating gap, to produce very thin coatings
tendentially very tight gaps are used. However, gaps under about 100 µm cause operating
difficulties, because dirt that accumulates under the lips causes streaks. Tight gaps also make it easy
to tear the web (223).
Precise control of the coating weight depends on the stability of the total system and on the operator
experience (227). Die performance will be at its best when a balance of pressure and flow is reached
at the lip area. This balance is hard to define: changes in material and rate will affect it. If the
pressure balance is too high, then the response to the adjustments of the die could be described as
"jumpy" or "nervous": in the case of too low pressure the die becomes "lazy" or "unresponsive".
This performance parameter could be referred to the operating window. When a die must be
profiled excessively to improve end flow, the operating window will vary across the die; therefore,
the die adjusting characteristics will differ (e.g., jumpy centre, lazy ends) (227).
Base coating weight is controlled by pump and line speed. Transverse area coat weight is a function
of the lip gap adjustment. It is important to remember that the pump will always deliver a given
amount of fluid to the web. When the operator adjusts the lip, material is not taken away, it is only
moved from one place to another (227).
5.2.3 Flexography
Throughout the printing industry, flexography, or flexo, has established its reputation as a quality
printing process, bearing comparison with letterpress, gravure, and offset, which have been used
industrially for many years. Today,
the whole packaging sector and other
areas of the printing industry would
be unthinkable without this highly
economical quality printing process.
This is attributable primarily to the
high flexibility flexo offers, its
qualification for a wide range of
materials, the large and variable
range of print repeat lengths, the
different press widths available, and
its quite extraordinarily high
production speed (217).
Ink bath
Anilox cylinder
Doctor blade
Plate cylinder with
flexible stereo
Web
Fig. 5.5 Flexographic printing unit. Ink doctoring using a reverse
angle doctor blade.
Impression
cylinder
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Flexo utilises raised printing plates of rubber or soft-elastic polymer, the raised areas of the plates
transferring the ink onto the substrate. The low-viscosity, quick-drying ink, which is diluted by
means of solvents or water, is conveyed by a fountain roller or, more recently, by an ink chamber-
doctor assembly and a transfer or anilox roller, to the printing plates or stereos, as they are also
called (217).
The most widespread mode of operation today is the roll-to-roll technology and printing in line with
surface finishing machines. Whereas in former times only bags, sacks, and paper packaging
materials were printed flexographically, the use of flexo today includes a great number of plastic
packages in the food and hygiene sector, applications in the aluminium industry, and carrier bags,
labels, wallpaper, corrugated board and cartons, newspapers, handkerchiefs, magazines, envelopes,
stationery, and other articles requiring printing (217).
As a result of its high flexibility, flexo has succeeded in continually conquering new market areas
and has penetrated into many a domain previously reserved for offset or gravure (217).
Two-roller printing deck.
The latest technology in flexo deck system design is relatively new and great deals of engineering
work and extensive experiments were necessary to accomplish an acceptable solution.
In the two-roller system (fig.5.5), a plate cylinder and an anilox roller with doctor blade assembly
have superseded the previously used fountain roller (217).
Initially, the anilox roller was being doctored
only conventionally or positively, but, over the
past two years, negative or reverse-angle
doctoring has been generally accepted and
preferred. Press operators throughout the trade
assert that, especially when performing fine
process work on high-speed wide-web presses,
reverse-angle chambered doctor blades achieve
more consistent and better results. This is
attributable to the capability of such decks to
provide an even finer, more uniform, and exactly
defined ink application over the full web width
and throughout the machine's speed range. As an
added benefit, anilox roller and doctor blade wear
is minimised, provided the doctor blade is
Fig. 5.6 Enclosed ink chamber (218)
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carefully set on to the anilox roller with minimum contact pressure. In addition, ink consumption is
drastically reduced, no surplus ink being transferred from the anilox roller surface to the printing
plates (217). Steel blades were originally used, but they have largely given way to nylon, polyester
or ultra-high molecular weight polyethylene, which gives less anilox sway. Reverse angle doctoring
is not speed dependent to the same extent as other methods (e. g., fountain roller), which is a
distinct advantage (218).
On some presses, an ink chamber formed by a double doctor system is used (fig. 5.6), which has the
benefit of providing a totally enclosed ink-system (218).
This two-roller or fountainless printing deck with the reverse-angle chambered doctor blade system
has been increasingly used throughout the industry and can be considered the printing deck system
of the future. Most of the attachments and options found with flexo presses are identical to those
used with offset and gravure presses and do not feature any specific process-related characteristics.
Flexographic platemaking
There are several kinds of image carrier in flexography:
• The traditional rubber plate;
• Photopolymer plates;
• Laser-engraved rubber plates or rubber rollers.
Rubber plates
The rubber plate is essentially a duplicate plate obtained from an original. The original may consist
of various types of elements such as: handset foundry type, monotype or linotype to provide the
type display, and zinc plates to provide the line and half tone image. These are assembled and
locked up in a steel chase for moulding. Alternatively, the type matter can be set on
phototypesetting equipment to provide a negative, and line image negatives combined with this, to
produce a one-piece zinc plate of the entire printing image. A one-piece plate can also be
electronically engraved, which can originate in hand-drawn artwork or photographic print. A mould
is required to produce a rubber plate. The mould is made by pressing a heat-setting matrix material
under heat and pressure against the original in a hydraulic moulding press. The thermosetting resin
in the matrix material is initially softened by the heat to take the impression and then the material
becomes hard and rigid (218).
The rubber stereo is made by placing a layer of uncured rubber over the mould and by pressing
these together under heat and pressure. The raised areas of the stereo, which are the image areas,
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correspond to the image areas of the original. The back of the stereo has to be ground to achieve a
suitable thickness. Rubber plates are still widely used, especially for line work, and in situations,
which demand unusual solvents in the inks. Rubber is available in a range of hardness to suit the
substrate (218).
Photopolymer plates
There are various photopolymer plates suitable for flexographic printing. These plates are made
directly from photographic negatives. They are available in various thicknesses, hardness and with
different backing materials. Some plates are made from two or more layers, providing a hard thin
surface and more resilient supporting layers. Ultra-thin (less then 1.7 mm) plates are said to give
improved consistency and lower dot gain (218).
The plates consist basically of a light-sensitive photopolymer (which may be liquid or solid before
exposure), which, when exposed to UV light through a photographic negative, polymerises and
becomes resistant to the washing-out medium. The non-image areas of the plate, which have not
been exposed to UV light and are therefore not polymerised or resistant, are removed in a plate-
processing machine. On completion of the plate processing, the plate is usually ready for printing.
The washing-out or removal of the non-image area of the plate is done by the use of either a
solvent, an aqueous solution or air. These plates have suitable thickness accuracy and do not require
back grinding (218).
Laser-engraved rubber plates
Rubber suitable for flexographic printing can be engraved by laser techniques. The equipment will
handle black and white positive copies for line work, and screened negatives or positives for
halftone work. Screen rulings of 47 lines/cm are possible and are expected to be improved to 60
lines/cm. Engraving by this method can be done on either separate pieces of rubber, or rubber
rollers. The ability to engrave rollers is unique, and an advantage in the printing of continuous
designs (218).
Because flexographic printing is done from an image in relief, it is essential that the shrink of the
image has a steep angle and is smooth. A suitable depth in the non-image area is also essential
(218).
Anilox roller
The anilox roller plays crucial role in producing good print. Its function is to meter out a fine and
controlled film of liquid ink and to apply this to the surface of the printing plate. To regulate ink
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film thickness in printing, screened ink rollers are available, which have screens of from 40 to 200
cells/cm. These may be engraved or etched metal or ceramic. The engraved cells are generally
square in shape (although many other shapes are available now) with sloping sidewalls (218).
A particularly effective and controllable method of manufacturing anilox rollers is to laser-engrave
a ceramic coating. This provides not only a very hard wearing roller but also a great flexibility in
the control of screen ruling, cell shape, and cell profile. The latter is especially significant since it
greatly affects ink release characteristics. On laser-engraved ceramic rollers the cell count and
pattern is regular and a rounded cell profile is produced, allowing ink transfer volumes to be
predicted more accurately. The cells produced are capable of carrying 15% more ink than
conventional rollers, which in turn means that a 15% finer screen can be used. The angle of the cell
wall is made more acute (26° instead of 45°) to reduce the effect of wear on its ink carrying
capacity (218).
6 Results and discussion
In this study, it is analysed how coating and printing techniques can influence the conduction
mechanisms of conjugated polymers in order to realise polymeric field effect transistors. Except for
the poly(3,3"-dihexyl-2,2':5',2"-terthiophene), all the polymers used are commercially available.
The research started by analysing polymers candidate to realise the electrodes of a transistor. Two
conducting polymers, poly(ethylenedioxythiophene) and polyaniline, were tested, which are
reported to have metallic behaviour.
Samples have been prepared using doctored films, spin coated ones and structures directly printed
by mean of flexography. The electrical characterisation of the material was performed by means of
impedance spectroscopy under different ambient conditions and after different treatments. Induced
transitions in the polymer structure were also studied with the help of techniques like TGA, DSC
and UV-vis.
Defined the best conditions for having the higher performance from the material, it was then used
for realising working devices, which consisted in transistors, inverters and ring oscillators.
For the semiconductor both poly(3-alkylhiophene)s and poly(3,3"-dihexyl-2,2':5',2"-terthiophene)s
were used. Samples prepared using doctored films or directly printed by mean of flexography have
been compared with spin coated ones.
Some investigations were also carried out about doctored insulator layer, by using polymers and
polymer blends.
Doctored films of semiconductor and insulator were used for making working transistors, whose
output characteristics were compared with spin coated ones.
As substrate poly(ethylenetherephtalate) was exclusively used, most often with a thickness of 175
µm, unless otherwise indicated, and previously washed with ethanol.
6.1 Poly(ethylenedioxythiophene)
Tests were carried out using PEDOT commercialised by Bayer under the name of Baytron P®.
Unfortunately, the PET presents a surface energy of 42.5-43 mN/m (228), in which the contribution
of the polar part is very small. Baytron P, instead, is a suspension in polar solvents, such as water.
The result was that Baytron P was not wetting the substrate, and all the techniques, exposed above,
failed to give samples of sufficient quality to make any characterisation.
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6.2 Doped polyaniline
Polyaniline (PANI) doped with camphor-10-sulfonic acid (CSA) suspended in meta-cresol,
supplied by Merck, was first studied in this work. Although conductivities as high as 200 S/cm and
a clear metallic behaviour were reported, unfortunately the suspension, used by us, resulted
extremely unstable and consequent films presented macroscopic inhomogeneities. Moreover, the
toxicity of the solvent represents an obstacle from the point of view of mass production.
A consistent improvement was obtained using PANI doped with alkyl benzene sulfonic acid
(ABSA) in toluene, commercialised by Panipol under the trade name of panipol T.
Panipol T was first tested using coating techniques like doctor blade and slot die. The samples
revealed a dependence of the conductivity on the relative humidity of the environment, on the
thermal treatments undergone, and on the solvents with which they came in contact. After
determining under which conditions the samples showed the strongest metallic characteristics and
highest conductivity, the films were then indirectly structured and used for realising D/S electrodes
in working transistors. The possibility to realise logic circuits with this material was tested
integrating the transistors in order to realise inverters and ring oscillators.
The direct structuring of panipol T was studied by means of flexography. Besides, the
applicability of this technique was demonstrated by using the printed electrodes for realising
working transistors.
6.2.1 Doctored films
Doctor blade
The suspension or solution (the debate is still under discussion (229)), of panipol T (3.8%-5.8%
w/w) was homogeneous and stable. Even films cast on PET with doctor blade were obtained with
an average thickness ranging from 150 to 500 nm, depending on the deposition parameters (e. g.,
gap, and speed of the blade, initial volume of the solution, etc.). A decreasing in thickness from the
beginning of the blade run to the end was observed. This effect is mainly due to the batch nature of
the process, in which the volume of solution consumed is not replaced. The films obtained, after
drying under air at 40°-60° C, were cut in pieces of 5×5 cm. This gave samples with more
homogeneous film thicknesses.
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Films from slot die
Films coated with slot die did not present relevant differences in respect to the ones from doctor
blade, in terms of film quality, achievable thickness and electrical performance. From this point of
view, the films, prepared with the help of these two different techniques, were perfectly
interchangeable. Slot die gave only films with more homogeneous thickness over a larger area then
the previous technique.
Electrical characterisation and influence of the relative humidity
Determination of the conductivity with direct-current (DC) four-probe technique gave non-stable
and non-reproducible results. Contact problems with the polymeric surface were found and a non-
ohmic behaviour of the films was evidenced. The contact problems were due mainly to the too
small area contacted by the electrodes. This was most evident when using needles, but the same
problem was also experienced in the case of electrodes with round points.
The non-ohmic behaviour, instead, was probably due to strong charge localisation. In this case,
considering that the panipol T is essentially a salt, the suspect that there is a competition between
electronic conduction and ionic one arose to us.
To better understand the mechanisms involved, the alternating-current (AC) impedance technique
was applied. Impedance spectroscopy has the advantage of being non-destructive to the system, by
using a small AC signal and allowing the frequency dependence of the conductivity to be studied
(230). The frequency-dependent impedance method offers additional information that DC
measurements cannot provide. For instance, in the case of an electrochemical system, like the salt
constituted by the doped polyaniline, this technique could mark the presence of different active
components (more details are reported in Appendix A).
Due to the low thickness of the PANI films, the measuring took place by using an in-plane
configuration, instead of the more common through-plane, and by assuming the conductivity to be
constant in the volume involved. It should, however, be taken into account that some papers
reported a conductivity anisotropy between the two configurations (230, 231). Under the aspect of
using the films as electrodes for transistors, then the in-plane configuration could better show their
real behaviour in a working device.
Measuring took place under conditions of almost constant ambient temperature (temperature range:
22-28° C), and at different relative humidity. Considering that the doped PANI is a salt, as already
said, in which the polymer is acting as a base, then, the relative humidity could affect the activity of
the doping acid and in the last analysis the conductivity of the system.
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The samples to be tested were mounted on a support of PMMA, carrying the two electrodes. The
electrodes were connected, with two shielded cables, to a Solartron impedance/gain-phase analyser
SI 1260. The sample holder was then closed in a glass drier, where the relative humidity was kept
constant by means of saturated water solutions of different salts (tab.6.1), and provided with a
thermocouple for checking the temperature near the sample.
In order to highlight also the eventual contact resistance, the sputtering of gold on the polymer
surface for realising the electrodes was avoided. Thus, the electrodes (copper sputtered with gold)
were applied directly to the sample and pressed into contact by means of springs.
The measurements parameters are as follow:
• Amplitude of the voltage: 0.5 V
• Range of frequencies: 100-30×106 Hz
• Length of the electrodes: ~1 cm
• Distance between the electrodes: ~1 cm
Salt Temperature (°C) Relative humidity (%)
Silica gel 25 ~0
CaCl2 25 29 ±2
NH4Cl 25 79 ±2
CuSO4 20 98
Table 6.1
The equivalent impedance at the various frequencies was then plotted using Cole-Cole plots (fig.
6.1 right); the frequency dependence of the real (Z') and imaginary (Z") parts were also plotted
separately.
With this technique, the frequency response of the material could be associated to an equivalent
electric circuit, represented by the same plot. In the case of materials with pure ohmic behaviour
(like metals) the impedance is independent from the frequency and the resulting plot is a point on
the real axis. The equivalent electrical element, which can simulate the same behaviour, is the
resistor.
The equivalent impedance of ionic conductors, instead, presents both dissipative and conservative
contributions and is frequency-dependant; normally for these materials the electrical behaviour is
not ohmic. In this case the equivalent circuit is constituted by a resistor and a capacitance in parallel
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(RC-parallel circuit). In RC-parallel circuits, the diameter of the circumference gives the resistance
of the material.
The Warburg (W) is a dissipative element usually occurring at low frequencies and associated to the
interactions between the material and the electrodes.
In figure 6.2, the Cole-Cole plot for a film of panipol T in dry conditions is represented. It shows
two semicircles partially overlapping, with the one that occurs at lower frequencies showing a more
regular behaviour than the other that occurs at higher frequencies. In figure 6.3 the frequency
dependence of the real (Z') and imaginary part (Z") is plotted. Z", between 1×106 and 3×107 Hz,
clearly presents two peaks. This fact, linked with the decrease of the real part, indicates that
conductivity relaxation processes occur in this frequency range (230, 231, 233). On first analysis,
the plot is similar to the ones typical for ionic conductors (232) and not to the ones typical for
metal-like materials, as expected. In fact, in the latter case the impedance should be represented by
a pure resistance.
The model that best fits these plots reveals a quite complicated situation (fig. 6.4).
Fig. 6.1 Examples of impedance plots and relative equivalent electrical circuits. On the left the Nyquist
plots correlates the absolute value of the impedance with the frequency, on the right there are the
corresponding Cole-Cole plots, showing Z" in function of Z' at different frequencies (f) (232).
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Starting from the higher
frequencies an
inductance could be
noticed. A first
explanation could
attribute this inductance
to the cables of the
instrument. Considering,
however, that these
cables were shielded,
and that magnetic
properties of conjugated
polymers was already
reported in literature
(82, 159, 234), this
inductance could also be suspected to belong to the material itself. Pure resistance in series indicates
that there are regions in the material where the charges are delocalized, and the conducting
behaviour inside those limits is similar to the one of a metal, although with quite low performances.
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Fig. 6.2 Cole-Cole plot of a film of panipol T, in dry conditions.
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Fig. 6.3 Frequency dependence of Z' and Z" for AMF 294 dry.
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The two RC parallel circuits indicate the presence of insulating regions, where the charges are
localised and move with two distinct hopping mechanisms, probably also assisted by the acid
counterion. The parallel circuit between those two, and containing a constant phase element (CPE),
take account of the discontinuity occurring at 1.4×107 Hz. When a CPE is placed parallel to a
resistor, a Cole-element (depressed semicircle) is produced. A CPE is often used in a model, in
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Fig. 6.4 (a) Cole-Cole plot and (b) Z' and Z" of AMF 294 dry. The solid black lines are fit
to the equivalent circuit, shown in (a).
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place of a capacitor, to compensate for non-homogeneity in the system (235). For example, a rough
or porous surface can cause a double-layer capacitance to appear as a constant phase element. In
fact, a capacitor is actually a constant phase element with a constant phase angle of 90 degrees.
Therefore, the material has not only charge localisation due to a disordered configuration, like the
one described by the tight coil molecular conformation (159, 236), but also other kinds of
inhomogeneities acting as a porous surface that should be crossed by the charge carriers. To identify
the origin of this non-homogeneity is quite hard. One reasonable hypothesis could be that the
material is not completely doped and the excess of acid tends to aggregate, forming insulating
domains.
The last element is a finite length Warburg (Ws). A Warburg element occurs when a charge carrier
diffuses through a material (235). Lower frequencies correspond to diffusion deeper into the
material. If the material is thin, low frequencies will penetrate the entire thickness, creating a finite
length Warburg element. An extension of the Ws is the infinite length Warburg element (Wo). If the
material is thick enough, so that the lowest frequencies applied do not fully penetrate the layer, it
must be interpreted as infinite. The Warburg element describes the contact problems between the
electrodes and the material. In fact, we observed that in films of panipol the excess of doping acid
tends to de-mix in time, creating an insulating waxy film on the surface.
Therefore, when pressure contacts are used instead of using gold
sputtered on the polymer surface, the charges injected by the electrodes
should first diffuse throughout this thin layer, before reaching the
polymer.
The overall resistance of the material (R) is shown by the higher
intercept of the curve with the real axis. Knowing the dimensions of the
volume considered, the specific conductivity (σ) in S/cm is given by the
following equation:
σ=
RS
D
⋅
                                                                          (1)
Where D is the distance between the electrodes in cm, R is the resistance in Ω, and S, in cm2, is
calculated as the thickness of the film by the length of the electrode, under the hypothesis that
conductivity remains constant throughout the whole thickness of the film (fig.6.5). Hypothesis
realistic, considering that the average thickness of the sample was quite small (500nm).
In a dry environment, the conductivity calculated was a little less then 14 S/cm and in four days had
a change of only 0.1%.
S
D
Fig. 6.5 Schematic
representation of the in-
plane configuration. The
thickness of the film is not
in scale.
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From this analysis the sample under test shows a competition between ionic and electronic
conducting mechanisms.
According to the theories exposed in the previous chapters, it seems that in the material there are
regions in which the charges are greatly localised and show a strong ionic character, instead of
being delocalized in the bulk, as expected for metal-like conductor.
In figure 6.6, the impedances of a film of panipol T, increasing the relative humidity, are
compared. Shifting from dry conditions to 30% of relative humidity, a sensible reduction of the
overall resistance could be noticed. The model used for fitting the curve in dry condition (figure
6.4) is applicable also for the curve at 30%, thus indicating that substantial changes are not
occurring in the conducting mechanisms. However, it should be noticed in the curve at higher
humidity that the semicircle at the right has reduced proportions when compared with the semicircle
at the left.
Considering the frequency dependence of Z" under the two different conditions (fig.6.7), not only a
change in the relative highnesses of the two peaks of each curve occurs, but, increasing the
humidity, the peak at lower frequency shifts from 7.9×106 to 1.2×107 Hz, while the peak at higher
frequencies remains unchanged at 1.8×107 Hz.
Fig. 6.6 AMF 294 Cole-Cole plots at r. h. 0 and 30%
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A similar frequency shift was also observed by Ou et al. (230), and linked to the degree of doping.
It is reasonable to think that, as in our case, the humidity affects mainly the activity of the acid
present in the system, thus increasing the doping of the polymer. Therefore, it seems that the
semicircle at lower frequencies is taking account mainly of the doping level of the polymer, which
could affect the surface interactions with the electrodes, and the extent of the insulating limits. The
semicircle at higher frequencies, on the other hand, seems more descriptive of the hopping
conduction in the more doped polymer, where the charge carriers are mainly limited by the disorder
of the system.
The conductivity calculated for the curve at r. h. 30% was around 17.3 S/cm and again it remained
stable.
Increasing the relative humidity to 80% (fig 6.8), no stable conditions could be reached. The
resistance continued to increase with time, shown by the increasing diameter of the semicircles, and
a continuous irreversible de-doping occurred, revealed by a shift of the film's colour from green to
blue.
The peak at higher frequencies in Z" (fig. 6.8 (b), peak A) remains at 1.8×107 Hz, while the other
one (fig. 6.8 (b), peak B) progressively shifts towards lower frequencies. Furthermore, between 102
and 104 a third peak starts to arise and then disappears again (fig. 6.8 (b), temporary peak). This
peak corresponds to a small semicircle in the third curve, form the left, in the Cole-Cole plot (fig.
6.8 (a)).
Fig. 6.7 AMF294 Z" vs. frequency at r. h. 0 and 30%
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The calculated conductivity decreased continuously (fig. 6.9) and no stable conditions could be
reached. After nearly one month, the measurements were stopped, before a total de-doping of the
polymer had taken place.
Fig. 6.8 AMF 294 at r. h. 80%. (a) Cole-Cole plot; (b) Z"/freq. A is the peak at
higher frequencies, B the one at lower.
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Fig. 6.9 σ of AMF 294 at r. h. 80%
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A second cycle of measurements (fig.6.10), with decreasing relative humidity, was performed on
the same degraded sample. These second measurements confirmed the fact that up to 30% of
Fig. 6.10 AMF 294 at r. h. dry, 30%, and 80%
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relative humidity the material is stable and its conductivity increases, promoting a better doping. In
the Cole-Cole plot, this is marked by the increase of the higher intercept of the curves with the real
axis, decreasing the humidity. Moreover in this second cycle, at r. h. 30% and below, a third
mechanism seems to arise in the material. Analysing the frequency behaviour of Z", it surprises that
also in the partially de-doped polymer the peak at higher frequencies is still falling at 1.8×107 Hz in
all the cases. The other peak confirms the directly proportional link between the frequency shift and
the activity of the acid, although, a third peak is clearly arising. To attribute this third peak is not
easy, due to the intrinsic complexity of the system PANI/acid. However, considering that under the
electrodes a higher de-doping was noticed, when compared with the rest of the sample, one
reasonable hypothesis is that it is linked with an increased contact resistance between the sample
and the electrodes.
In figure 6.11 and 6.12, the changes in conductivity between the first and second cycle are shown,
for respectively 30% of relative humidity and dry conditions. Below 30% of relative humidity,
again stable conditions could be reached with the time.
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Fig. 6.11 Decrease of conductivity for AMF294 between the first and second cycle of
measurements at r. h. 30%
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Fig. 6.12 Decrease of conductivity for AMF 294 between the first and second cycles of
measurements at r. h. ~0%
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Fig. 6.13 TG of panipol T 5.8% w/w ; including also differential thermal analysis (DTA); and DTG.
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Thermal-induced transitions
The thermal stability of panipol T 5.8% w/w in air was analysed with the help of TGA1 technique
(fig 6.13). The initial small loss in weight could be due to the removal of small quantities of water
and residual solvent. The real degradation of the polymer starts around 250° C and it is shown in the
plot by a marked decrease of the sample's weight. A second loss of weight, starting at over 500° C,
could be attributed to the degradation of the doping acid.
The DTA2 does not show relevant transitions before the degradation of the polymer. However, one
should consider that this technique is mainly quantitative.
DSC3 analysis (fig.6.14) shows a small Tg between 30° and 45° C, during the first run. Around 100°
C an endothermic transition could be noticed, probably due to the removal of water already,
observed for the TGA, while a big endothermic transition occurs at 160° C.
It is not possible to distinguish any transition in the recrystallization. During the second heating, in
the range between -100° and 200° C only a small Tg, occurring between 28° and 40° C, could be
noticed. An other big endothermic transition is present at 321° C, but in this case, it is most
                                                          
1
 Thermogravimetric Analysis (TGA): precise measurement of the weight change of a solid as it is heated at a
controlled rate.
2
 Differential Thermal Analysis (DTA): determines the temperature at which a reaction takes place or identifies a phase
change. The material is heated at a controlled rate to a pre-determined temperature and any emission or adsorption of
heat from it is compared with a passive material such as alumina.
3
 Differential Scanning Calorimetry (DSC): based on the same concept of the DTA, but the DSC is more quantitatively.
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Fig. 6.14 DSC panipol T 5.8% w/w
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probably to be associated with the degradation of the polymer.
To better understand the changes in the electronic system of the material, induced by the thermal
transition, an analysis of the UV-vis absorptions was performed.
Figure 6.15 shows the UV-vis spectra of a film of panipol T cast with doctor blade, before and after
heating at 150° C for 2 minutes and cooling again at ambient temperature. The first peak is quite
stable and occurs at 365 nm and at 392 nm respectively. The second peak occurring at 747 nm and
at 770 nm respectively, however, is greatly affected by the transition, marked by the great decrease
in the absorption. In addition, a change in the course of the tails of the two curves could be noticed.
This behaviour is in accordance with what already exposed (par. 4.2.2). The peak at 400 nm is
attributable to the σ bonds, while the one at 700 nm indicated the presence of a secondary
localisation-delocalization transition (76).
Figure 6.16 is an extension of the spectra up to 2500 nm, in order to get evidence on the behaviour
of the terminal bands. In this case, however, the film was cast on glass and heated again for 2
minutes at an estimated temperature of around 150° C.
Fig. 6.15 UV-vis of panipol T. AMF 305a is the material only doctored; AMF
305b is the same film after heating at 150° C × 2 min.
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Nevertheless in this case, the modifications induced in the material are also well marked.
A similar behaviour was also described by McDiarmid (236). In his case the transition was induced
by changes in the surface energy of the substrate, and not by heating, and was associated with an
increase of the conductivity. He advanced the hypothesis that the polymer probably undergoes a
transition from a tight coil molecular conformation to an expanded coil molecular conformation.
In our case a rearrangement of the polymer's macromolecules and of the molecules of the doping
acid is also a valid conjecture, where a better doping and a better overlapping of the pi orbitals is
achieved, although the DSC data indicate that the polymer has a completely amorphous structure.
The impedance spectroscopy at 30% of relative humidity reveals a completely different electrical
behaviour of the film cast with doctor blade after the thermal treatment (fig. 6.17).
Fig. 6.16 UV-vis of panipol T in the range of 400 to 2500 nm.
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Fig. 6.17 AMF 303 blade doctored, after heating at 150° C for 2 minutes; r. h. 30%.
(a) Cole-Cole plot and (b) Z" vs. frequency. Blue dots represent the experimental
results, black lines are fit to the equivalent circuit, shown in (a)
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In this case the fitting model is more simplified. The two RC-parallel circuits have disappeared. The
CPE element and the Warburg this time are clearly attributable to the layer of the de-mixed doping
acid on the surface and to the contact resistance of the electrodes.
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Time
Time
Results and discussion
109
This explanation is also supported by the increase of conductivity with time (fig. 6.18). In fact, one
can conjecture that the pressure of the electrodes tends to remove the doping acid surfacing under
them, thus decreasing the contact resistance. Furthermore Z" tends to reduce intensity, but the
maximum remains always at 5.2×106 Hz.
Figure 6.19 shows the increase of conductivity with the time, calculated from the curves of figure
6.18.
Influence of the washing treatment
Figure 6.20 compares the UV-vis. absorbances of a film of panipol T 5.8% w/w after being just
cast with doctor blade, after being heated at 150° C for 2 min, and after being rinsed with ethanol
and dried with compressed nitrogen respectively.
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Fig. 6.19 Conductivity of AMF 303 at r. h. 30%.
Results and discussion
110
In figure 6.21 the conductivities at r. h. 30% and 80% of a film of PANI cast with doctor blade,
heated at 150° C, rinsed with ethanol, and dried with compressed gas are reported. A dependence of
conductivity on relative humidity could be still noticed.
Fig. 6.21 Conductivities of AMF 305 at r. h. respectively of 30% and 80%.
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Fig. 6.20 AMF 305A film just cast with doctor blade, AMF 305B after being heated
at 150° C for 2 minutes, AMF 305B after being rinsed with ethanol.
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Figure 6.22 shows that the contact resistance is very low at 30% of relative humidity, and that it is
almost zero at 80% of relative humidity. In this case, the material is behaving like a pure resistor,
showing a pure ohmic conductivity.
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Fig. 6.22 AMF 305 (a) Cole-Cole plot; (b) Z"/freq.
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Figure 6.23 compares the impedance spectroscopy at 30% of relative humidity of a film without any
treatment, after heating, and after rinsing with ethanol respectively. Although the curves refer to
different samples, it should be noticed that their thickness was only slightly different. This allowed
a direct comparison between them. The curves shown tend to be reduced to one point on the real
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Fig. 6.23 Comparison of the electrical behaviour of a film of PANI only cast, after heating,
and after rinsing. (a) Cole-Cole plot; (b) Z"/freq.
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axis, falling around 600 Ω. This means an increase of conductivity from 17 S/cm to around 50
S/cm.
The behaviour shown by the polymer seems to indicate a shift of the conducting mechanisms from
one typical of a material with charges (or excitons) strongly confined in localised states (e. g.,
molecular ion states) (237), dominated by hopping processes (although quite fast), to one typical of
a metal, dominated by a delocalization of the charge carriers (e.g., energy band states). The results
exposed above appear in line with the insulator-metal transition (IMT) theory (chap. 3 and 4). The
presence of a capacitance in the conduction mechanisms and the peak at 700 nm in the UV-vis
analysis indicates a strong localisation of the charges, which then move through the material mainly
with a hopping process. Thus, the localised charges show characteristics more similar to ions then
to pure electrical charges. This behaviour is typical of ionic conductors, which have a non-ohmic
conductivity. Therefore, it is possible to consider the material to be on the insulating side of IMT
and in the conduction mechanism there is a competition between ionic and electronic conduction. In
the perspective of building logic circuit, the use of electrodes with non-ohmic behaviour then make
the whole modelling of the circuit more complicated.
On the contrary, when there are no signs of capacitance in the conduction, then the material is
behaving like a pure resistor, in which the charges are delocalized enough in the whole of the
material to be considered a metal. In this case then, the material is most probably on the metal side
of IMT.
However, the low maximum conductivity reached (50 S/cm) reflects much more the behaviour of a
disordered metal or of a metal with low charge carrier density (eventually with tunnelling effects)
than of a real metal. The disorder in the material is also evidenced by DSC measurements, which
show an amorphous structure.
To determine, whether a shift of the material from the insulating side of the insulator-metal
transition to the metallic one occurs, is not possible without an analysis of the dependence of
conductivity on the temperature (159). This kind of analysis is not possible in our laboratories.
In any case, with polymeric conductors, the classification between conductors and insulators seems
more based on the conducting mechanism (hopping or delocalization) rather than on the magnitude
of conductivity.
The choice of the rinsing solvent was also found to affect the electrical behaviour of the polymer.
For instance when blade doctored polymer, after thermal treatment, is rinsed with acetone instead of
ethanol, the UV-vis spectra do not show relevant differences (fig 6.24). Impedance spectroscopy,
however, reveals a quite complicated mechanism (fig.6.25 and 6.26), thus, indicating that probably
the dielectric constant of the solvent is responsible.
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Fig. 6.24 UV-vis of AMF 309.
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Fig. 6.25 Cole-Cole plot of AMF 253-3 at various relative humidity.
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After rinsing with acetone, the circumference at higher frequencies is more pronounced (fig. 6.25),
but, the Z" trend with the frequency reflects the one of the untreated films (fig. 6.26). With the
maximum of the first circumference fixes at 1.8×107 Hz, and the second circumference is variable
with humidity.
The conductivities are respectively ~ 7 S/cm at r. h. of 0%, ~ 10 S/cm at r. h. of 32%, ~ 16 S/cm at
r. h. of 72%, and ~ 21 S/cm at r. h. of 98% respectively.
Devices from doctored films
Define previously the conditions that affect the electrical behaviour of the electrodes, such as
conductivity, the regime of conduction, etc., is important for defining later their behaviour in
working devices.
Thanks to the ohmic characteristics shown the doctored films of PANI heated at 150° C and rinsed
with ethanol, it was possible to build real circuits, with D/S electrodes obtained by indirect
structuring.
Their logic capability was tested by building organic transistors and inverters and integrating them
in simple multistage circuits like ring oscillators. The results together with the experimental details
are already published in (32).
Fig. 6.26 AMF 253-3. (a) Cole-Cole plot; (b) Z"/freq. Plot.
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6.2.2 Spin coating
For comparison with the doctored films, figure 6.27 shows the impedance at 30% of relative
humidity of a film of panipol T 5.8% w/w spin coated, heated at 150° C for 2 minutes, rinsed with
ethanol, and dried with compressed nitrogen. It should be observed that the UV/vis (fig. 6.28) does
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Fig. 6.27 AMF 304. (a) Cole-Cole plot; (b) Z"/freq. plot.
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not present any relevant difference respect to the doctored films. The trend of the peak at 700 nm is
the same as the previous.
The general trend of the impedance curves, however, is something between the case of the doctored
films not rinsed and rinsed with ethanol, but with more pronounced impedance. The conductivity is
around 20 S/cm at this relative humidity.
Using this coating technique, it was not possible to increase the metal characteristic of the polymer.
Compared to what already seen for the doctored samples, in this case the material seems to remain
on the insulator side of the IMT.
This shows the influence of the coating method on the electrical behaviour of the polymer. In fact,
doctored samples and spin-coated ones, in the same conditions and after the same treatments, do not
show the same mechanism of electrical conduction and the same overall conductivity.
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Fig. 6.28 UV-vis of AMF 310
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6.2.3 Flexography
The possibility of directly structuring D/S electrodes of PANI was tested by using flexography. This
technique, as outlined in the previous
chapter, has quite a fine resolution, and
allows handling diluted solutions without any
modifications.
The tests were performed on an Erichsen
Printing Proofer, originally designed for
testing gravure printing, and modified for
testing flexography. Figure 6.29 shows the
machine used for the experiments.
The stereo with the relief structures was
obtained by casting poly(dimethylsiloxane)
(PDMS) precursor on a metal cliché for pad
printing. After curing, a solid self-standing film, carrying the image, could be peeled off from the
cliché, and, after washing with ethanol, could be mounted on the machine.
During the experiments, the emerging parameters to be controlled were:
• Speed of the run.
• Type of blade and its gap from the plate.
• Pressure of the plate cylinder.
• Pressure of the impression cylinder.
• Viscosity of the solution.
• Type of inking plate
Speed of the run
The best results were achieved with extremely low speeds, in the range of 0.022 m/s. Lower speed
led to clearer and better-resolved structures.
Type of the blade
The steel blade incorporated in the machine produced structures that were too thick (~ 300 nm) and
insufficiently homogeneous. Better results were obtained by substituting a Gardner doctor blade. In
this case thinner (100-250 nm) and more continuous structures were achieved.
Fig. 6.29 Erichsen Printing Proofer, modified for
testing the flexographic process at laboratory scale.
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Pressure of the cylinders
It was observed that too much pressure between the plate cylinder and the plate, or between both
cylinders, leads to empty structures, in which only the outline is clearly visible (fig. 6.30 (a)).
Another effect due to too much pressure, was that the solution also filled the space between the
structures (fig. 6.30 (b))
With a decrease of the working pressure of the plate cylinder, or of the impression cylinder, the
material deposited between the structures could be eliminated. In this way, clearer structures could
be obtained. Nevertheless, this produced a decrease in the quantity of the solution transferred,
causing a lack of continuity in the lines of the structures.
The experiments made obvious that, with more concentrated solutions, it is better to put less
pressure on the plate cylinder and more pressure on the impression cylinder, in order to transfer
more solution and obtain a higher continuity in the images.
(a) (b)
Fig. 6.30 Two different examples of the effects of the pressure of the cylinders on the printed
structures. (a) empty structures and (b) the solution is also covering the area between the
structures.
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Viscosity of the solution
For testing the effects of the viscosity of the solution on the thickness of the final structure, the
solvent in the solution of panipol T (in this case 5.5% w/w) was allowed to evaporate. Test
samples were made every half-hour, always using the same volume of solution. The average
thickness of the
structures was then
controlled by a Dektak
profile analyser. The
experiments lasted two
days allowing the
solvent to evaporate
also over-night. Figure
6.31 shows the results.
A clear link between
the concentration of
the solution and the
average thickness of the structure is evident. The use of an average thickness was necessary due to
the scattering of results, particularly evident in the isolated high point on the second day (fig. 6.31,
on the upper right).
Type of inking plate
Initially, tests were made using engraved plates simulating an anilox cylinder with a doctor blade.
Although the setting of the machine became simpler, this system did not give satisfying results. One
of the reasons was that the solution was not completely transferred from the cells to the stereo.
Since this machine was working discontinuously, the solution left on the plate had time to dry
inside the holes and to occlude them. During the successive run, the solution could not fill all the
cells, thus generating discontinuities in the printed structures.
A second reason was that the printed images presented patched structures reproducing the cells'
disposition on the plate.
For sake of honesty, should be said that these problems were mainly due to the type of machine
used. Tests made on a continuous flexo-printing head did not present the same problems, and
normal anilox cylinders could be used, of course with an adequate density of cells.
Using a smooth plate, on which to make a continuous film, was an improvement in the quality of
the printed images, although theoretically the setting of the machine should be more difficult.
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Fig. 6.31 Correlation between the viscosity of the solution and the average
thickness of the printed structures.
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After optimising all the parameters, it was possible to print D/Ss in doped PANI directly, with
channel lengths between 35 and 100 µm and thicknesses around 150-200 nm (fig. 6.32 and 6.33).
One of the main problems with these printed
structures was the non-homogeneous putting
down of the material and the consequent high
superficial roughness. In certain cases,
structures with peaks 1-1.5 µm high were
measured. One of the reasons for this lack of
evenness was the roughness of the stereo, which
reflects that of the metal cliché. These peaks
represent an obstacle in building devices,
because they can break the insulating layer and
make short-circuits with the gate.
Electrical characterisation
The electrical characterisation was performed again by means of impedance spectroscopy. Contacts
were made on a flexo-printed line 15 mm long, 0.5 mm large, and with an average thickness of 200
nm, using golden round points. The sample was previously heated at 150° C for 2 minutes, then
rinsed with ethanol and dried with compressed nitrogen. Due to the way the contacts were made, it
was not possible in this case to shut the sample in a box with a controlled relative humidity.
Fig. 6.33 Flexo-printed D/Ss of panipol T 5.5%
w/w, channel length ≈ 100 µm.
Fig. 6.32 (a) Flexo-printed D/Ss in panipol T 5.5% w/w, channel length ≈ 35 µm; (b) detail of the electrode
fingerprints.
(a) (b)
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Therefore, the relative humidity was the ambient one, of 40% to 50%. In order to take into account
the concentration of defects and lack of homogeneity, each curve was recorded by shortening the
Fig. 6.34 AMF 311-1. (a) Cole-Cole plot; (b) Z"/freq. In the inserts there is the magnification
of the curve with L = 2.5 mm.
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distance between the electrodes (L) of 2.5 mm, starting from a maximum of 15 mm to a minimum
of 2.5 mm. Figure 6.34 shows the relative impedance spectra.
As expected, the defects heavily influence the impedance of the material. Shortening the distance
between the electrodes means considering smaller volumes of polymer, thus increasing the
homogeneity of the sample. This increase of homogeneity is reflected by the change of shape of the
curves, which tends to approach the one already seen for the doctored films. All the curves below
106 Hz are behaving like a resistance in series with an inductance. Above that frequency, they
present a quite complicated capacitive behaviour. Only the
curve, taken with a distance between the electrodes of 2.5
mm, where the printed line presents the highest homogeneity,
has not capacitive elements. Eventually, it looks as if there
was a second circuit with an inductance and a resistance in
series. The average conductivity is around 39 S/cm (fig.
6.35).
The analysis of the electrical behaviour indicates that at a
distance of 2.5 mm the material presents enough homogeneity
to have an ohmic behaviour. This allows building transistors with D/S electrodes not exceeding that
limit.
Devices
The D/Ss in panipol T were then flexo-printed with the layout shown in figure 6.33. The
structures were heated at 150° C for 2 min, washed with ethanol and dried with compressed
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Fig. 6.35 Conductivity of AMF 311-1 at different distances between the electrodes.
Fig. 6.36 Magnified particular of the
electrodes' fingerprints.
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nitrogen. The semiconducting layer in P3HT was spin coated, as well as the insulating layer in
PMMA. The gate was made with sputtered gold.
The problems of superficial roughness and consequent short-circuits were overcome by diluting a
starting solution of panipol T 5.8% w/w with toluene and increasing the thickness of the insulating
layer (~ 3µm). Figure 6.37 shows the output characteristics of a transistor with L = 100 µm and W
= 5000 µm.
The existence of a field effect is marked by the parabolic increase of the "on" D/S current with the
gate voltage. The curves' shrinkage at one point at the origin of the graphic indicates the absence of
leakage current between source and gate. However, a relatively high "off" current (curve at UGS =
0) and a quite low "on" current
(curve at UGS = -50 V) has to be
mentioned. This latter is due to the
great thickness of the insulator.
From these output characteristics,
it was possible to calculate an
on/off ratio of 4, a threshold
voltage (Uth) of +30 V and a
charge carriers' field effect
mobility (µ) of 4.5×10-4 cm2/Vs, at
saturation. Nevertheless, the
possibility of direct printing D/S
electrodes from low viscosity
solutions of conducting polymers is clearly demonstrated.
6.3 Polythiophenes
The main polymer used for analysing the semiconducting layer was the poly(3-hexylthiophene)
(P3HT); some experiments were also made using poly(3,3"-dihexyl-2,2':5',2"-terthiophene)
(PDHTT). However, the two polymers are soluble in the same solvents and present the same
physical characteristics and behaviour. Differences are only in the crystalline structure (194) and in
the semiconducting properties (32, 238).
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Fig. 6.37 Output characteristics of a transistor with D/S electrodes
flexo-printed. L = 100 µm, W = 5000 µm.
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6.3.1 Doctored films
Doctor blade
The same equipment used for doctoring the PANI films was applied for the solutions of
semiconducting polymers without particular problems. Tests were made with all the main solvents
for these polymers, namely chloroform, toluene, and xylene. The volume of the solution was set in
order to allow the capillary forces, present in the slit of the blade, to control the deposition process.
In all these cases, even and homogeneous films were obtained with thicknesses ranging between 20
and 40 nm. Eventually, it should be marked that the solutions in chloroform showed a slightly better
wetting property, resulting in a film that was a little more homogeneous.
A comparison between the transistor's electrical performances with blade doctored semiconductor
and a spin coated one will be discussed later with the insulating layer.
Slot die
Similar results were obtained with the slot die. This technique, when properly set, produced films of
the same quality and same range of thickness as the blade doctored ones. Care should be taken in
balancing the web speed and the solution's flow-rate (fig. 6.38 and 6.39). Also the gap between slot
die and web should allow the formation of capillary forces.
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Fig. 6.38 Examples of films of P3HT from slot die not properly set. (a) too low flow rate of the solution; (b) too
high flow-rate. Original format of the pictures: DIN A4.
The slot die was tested with several solutions from different solvents. In all cases the resulting films
were of good quality (fig. 6.39 (a)). The general feeling was that this technique is quite insensible to
the nature of the solution and to its physical properties. The good results seem to depend only on the
setting of the machine.
Other sources of defects were found in the eventual foulness accumulated in the machine. Figure
6.39 (b) shows cyclic defects due to dirt on the driving rolls of the machine.
(a) (b)
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Fig 6.39 Film of P3HT from slot die properly set. (a) Film of good quality without remarkable defects; (b) film
with cyclic defects due to dirt on the rolls of the machine. Original format of the pictures: DIN A4
6.3.2 Flexography
The possibility of directly structuring the semiconductor was tested by means of flexography,
thanks to its possibility to print diluted solutions with low viscosity. The machine used was the
modified Printing Proofer already described for testing flexography with PANI solutions. No
further modifications were necessary. The layout used was the one of D/S, because several
structures for testing the achievable resolution were already present on the siloxane stereo.
Figure 6.40 shows the images obtained printing a solution of P3HT 0.5% w/w in toluene.
(a) (b)
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The flexo-printed structures of P3HT, analysed with the atomic force microscope (fig. 6.41), have a
roughness in the order of 500 nm. In comparison, a spin-coated film of the same solution has a
roughness of 50 nm with a finer granularity (fig. 6.42).
Fig. 6.40 P3HT 0.5% w/w in toluene flexo-printed. (a) (b) and (c) three different kinds of
structures; (d) particular of two fingerprints.
(a) (b)
(c) (d)
Fig. 6.41 AFM analysis of a flexo-printed structure of P3HT. (a) 1 µm; (b) 5 µm; (c) 10 µm
(c)(a) (b)
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Even clearer images were obtained printing PDHTT 0.5% w/w in chloroform (fig. 6.43).
Although the continuity of the semiconducting layer inside the structure must still be verified, and
therefore also the possibility to realise working devices, it should, however, be underlined that the
potential of this technique for direct printing and structuring the semiconductor has been
demonstrated. The channel length between the structures is 100 µm and this indicates a quite fine
achievable resolution.
Fig. 6.43 PDHTT 0.5% w/w in chloroform flexo-printed. (a) (b) and (c) three different kinds of
structures; (d) particular of two fingerprints.
(a) (b)
(c) (d)
Fig. 6.42 AFM analysis of a spin-coated film of P3HT. (a) 1 µm; (b) 5 µm; (c) 10 µm
(a) (b) (c)
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A deeper characterisation of the printed semiconductor and further improvements in the printing
technique are still required, however.
6.3.3 Direct doping of PDHTT
In chapter 4, it was already reported that PDHTT when doped with FeCl3 has a conductivity of ~ 10
S/cm and a calculated stability of ~ 30 years (194). Such properties suggested the idea to test the
possibility of printing the doping agent directly on the semiconducting film in order to overcome
the problems of making vias in the semiconductor and,
at the same time, structuring it, by selectively creating
conducting and semiconducting areas on the same film.
The modified Printing Proofer already described was
used for flexo-printing a solution of FeCl3 0.05 M in a
mix of ethanol and toluene (1/4 vol/vol). The films of
PDHTT (0.5% w/w in chloroform) were made by
means of doctor blade.
Figure 6.44 shows a picture in polarised light of D/S
electrodes obtained by direct doping of a PDHTT film
with FeCl3. Two equivalent procedures were found for patterning the films: either printing the
doping agent first and then casting the semiconducting film over it, or casting the film first and then
printing the doping agent on it. One of the main problems not yet solved is presented by the FeCl3
that, during drying, tends to aggregate in crystals. These crystals sometimes are big enough to break
the insulating layer, causing a short-circuit with the gate.
Fig. 6.44 D/S electrodes patterned by direct
doping of PHTT. Channel length 100 µm.
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Fig. 6.45 Output characteristics of the transistor represented on the left. D/S electrodes patterned by direct
doping of the PDHTT semiconducting film. Insulator: doctored poly(isobutylene). Gate: sputtered gold.
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The printing process still requires an optimisation, and a more deepened screening of the doping
agents as well as a rigorous electrical characterisation of the conducting areas are needed.
Nevertheless, it was possible to observe the presence of field effect characteristics on a device (fig.
6.45) with L = 100 µm and W = 5000 µm. They were marked, again, by the parabolic increase of
the D/S currents with the gate voltage. The insulator was doctored poly(isobutylene) with a
thickness of ≈5 µm. The gate was made in sputtered gold. The analysis of these output
characteristics still reveals the presence of a leakage current (shift of the intersection of the curves
from 0). It is present a quite high off current; probably it is due to traces of the doping agent,
migrated from the conducting areas to the semiconducting ones. The on current is quite low, caused
by the high thickness of the semiconductor and its low dielectric constant. This insulator was
chosen because of its solubility in aliphatic solvents that do not dissolve the doping agent, thus
preventing short-circuits between drain and source.
The on/off ratio is calculated to be 2.7. The Uth is estimated to be around 33 V and, at saturation, the
resulting µ is 3×10-4 cm2/Vs.
Although, the characteristics of this transistor were not very good, they seem comparable to the
ones of the first organic transistors and it should be underlined that, considering the innovation of
this concept, further improvements are surely achievable.
6.4 Insulator
In literature, a wide variety of polymers for making the insulating layers in organic transistors is
reported (chapter 4). Almost every insulating polymer was found useful. Without entering the
dispute whether polymers with high dielectric constant or polymers with lower ones are more
useful, the defect-free deposition of the insulating layer with respect to the semiconductor was
investigated in this thesis.
6.4.1 Doctored films
Doctor blade
For enhancing the coating problems given by this layer, a blend of two copolymers, dissolved in
different solvents and their mixtures, was found useful to study. The different solutions were blade
doctored on a P3HT film for testing the layer quality.
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The insulating blend dissolved in pure butanone-2 and then doctored on the P3HT film, led to a
poor layer quality, due to incomplete wetting. In figure 6.46 (a), it is clearly shown how the
insulator tends to retract, forming islands on the sample. This behaviour is caused by the low
surface energy of the thiophene film (≈ 20 mN/m with almost 0 mN/m of polar part) in contrast to
the surface tension of the coating solution made with a polar solvent like butanone-2.
It was found that the addition of a certain quantity of alcohol could change the surface tension of the
solution, thus allowing it to coat the semiconductor. It is already mentioned In literature that
mixtures containing different solvents with low and high boiling points are beneficial for increasing
the layer quality (239).
A mixture of butanone-2 and hexanol allowed the solution to cover the whole substrate, but resulted
in an opaque film, indicating an inhomogeneous distribution of the polymers (fig. 6.46 (b)). But
adding methanol, instead of hexanol, led to a nice, homogeneous, and transparent film (fig. 6.46
(c)).
Solvent Boiling point (101.3 kPa), °C Vapour pressure (20° C), kPa
Butanone-2 79.6 0.1
Hexanol 157.6 0.09
Methanol 64.6 12.08
Table 6.2 Vapour pressures and boiling points of the solvents used.
When analysing the results it seems that the layer quality is dependent on the different evaporation
behaviour of the two mixtures considered (polymer + butanone-2 with either hexanol (b) or
methanol (c)). The component with the lower boiling point and higher vapour pressure will
evaporate faster. In mixture (b) butanone-2 is the component that evaporates faster, leading to an
enrichment in hexanol. Since the polymers used are not soluble in hexanol, they slowly precipitate
during the drying of the film, resulting in a opaque layer. In the case of mixture (c), it is the
10 mm 10 mm 10 mm(a) (b) (c)
Fig. 6.46 P3HT films coated, by means of doctor blade, with a solution of insulator dissolved in: (a)
butanone-2, (b) butanone-2 and hexanol, (c) butanone-2 and methanol. The size of the coated area in the
pictures is 63×63 mm.
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methanol that, evaporates faster, leading to an enrichment in butanone-2, and thus the early
precipitation of the polymers is avoided.
Devices
Considering the good results achieved with the last solution of butanone-2 and methanol. This
solution was used for building OFETs. On the usual PET substrate with gold electrodes,
photolithographically patterned, different samples were prepared in which both the semiconductor
and the insulator were blade doctored and in which these two layers were spin coated. For a better
comparison, an insulator thickness, of about 300 nm, was adjusted to all of the two kinds of
samples.
Figure 6.47 compares the pictures of a blade doctored transistor and of a spin coated one. In the
latter, a higher roughness of the surface could be noticed.
The relative output characteristics of the doctored sample (fig. 6.48 (a)), although prepared under
normal laboratory conditions, are perfectly comparable to the spin coated sample, which, in
contrast, was prepared in a clean-room (fig. 6.48 (b)).
In both cases, the on current shows a parabolic increase with the UGS and there is no evidence of
leakage currents. The doctored transistor shows a lower off current than the spin coated one and a
higher on-current. This trend is marked by the on/off ratio that, in the case of the doctored sample,
is 12 and, for the spin coated one, is 10. The Uths are respectively +4 V and +8.5 V. The resulting
charge carrier mobilities at saturation are 2.7×10-2 cm2/Vs for the doctored sample and 2×10-2
cm2/Vs for the spin coated one.
Fig. 6.47 Pictures of two OFETs on PET with: (a) semiconductor and insulator layer blade doctored, and
(b) semiconductor and insulator spin coated. The electrodes are in gold, photolithographically patterned,
with a channel length of 10µm.
(a) (b)
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These results demonstrate not only that continuous coating techniques could substitute the well-
established spin coating one, but also that, for producing organic transistors, clean-room conditions
are not required. A slight superiority in the performance of the transistor with the doctored samples
in contrast to the spin coated ones can also be noticed.
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Fig. 6.48 Output characteristics of: (a) OFET with semiconductor and insulator blade doctored, and (b)
OFET with semiconductor and insulator spin coated. L = 10 µm, W = 10000 µm.
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7 Conclusions
In this thesis, the electrical characteristics of different conjugated polymers were analysed. The
samples were prepared with different printing and coating techniques, and were subjected to
different treatments, with the aim of studying the influence they all have on the polymers'
behaviour, in the perspective to define the processing parameters which most influence the
electrical behaviour of each material.
Doped polyaniline (PANI ES) was found the most interesting material for realising electrodes and
circuitry tracks, thanks to a quite high conductivity. However, a deeper analysis of the electrical
behaviour, with the help of impedance spectroscopy, showed its dependence on the ambient
conditions and the stimuli's history of the material.
The polymer simply cast increases its conductivity when the environmental humidity (σmax ≅ 15
S/cm) is increased, but over 32% of relative humidity an irreversible dedoping starts, thus causing
again a decrease of the polymer's conductivity. In any case, the conducting mechanism seems
dominated by a strong hopping character, with extended charge localisation and, therefore, a
marked capacitive behaviour of the material. Considering the models exposed in the previous
chapters, the material can be considered on the insulating side of the IMT. Moreover the charges are
so localised to present a competition between electronic and ionic conduction mechanism; this
competition leads to a non-ohmic electrical behaviour of the polymer, making difficult a modelling
of the whole logic circuit.
DSC and UV-vis spectroscopy, however, revealed the presence of an irreversible transition around
150° C. This transition marks the increasing of the metal characteristic of the conducting polymer,
which probably cross the IMT shifting from the insulator side to the metallic one. In fact, after
annealing at that temperature and rinsing the films with ethanol, conductivity increases up to 50
S/cm and impedance spectroscopy reveals a behaviour typical for a pure ohmic resistance. Besides
DSC analysis indicates a complete amorphous morphology of the polymer.
According to the models published in literature, this should cause a charge localisation and could
explain the limited increase of conductivity (only 50 S/cm instead of 100-200 S/cm). However, the
absence of a capacitive element in the impedance models seems to indicate a metal-like behaviour
of the polymer, thus contrasting with what has before been published. A hypothesis that could
probably explain such behaviour could suppose a tunnelling of the charge carriers between better
conducting regions through less conducting zones. A further improvement would be an analysis of
the conductivity's dependence on the temperature, in order to understand on which side of the
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metallic-insulator transition this polymer is located, in both cases. Eventually, it could be interesting
to investigate what maximum conductivity could be reached by increasing the crystallinity of the
material, considering different solvents and doping agents.
The nature of the rinsing solvent was also found to have an effect on the conducting mechanisms of
the PANI ES, probably inducing morphology changes in the polymer structure.
A relationship between printing or coating process, conductivity and morphology is also supported
by the comparison of electrical behaviour of blade-doctored films and spin-coated ones. In the first
case it was possible to obtain from the polymer a pure ohmic behaviour, while in the second not.
This influence is even clearer for flexo-printed samples, where the electrical behaviour changes
with the amount of defects present in the printed structures. However, this technique demonstrated
an extremely interesting potential allowing directing structuring of the material, starting from quite
diluted solutions and using them without any additives, thus avoiding to pollute the polymer with
foreign substances, which can deeply alter its electrical behaviour. The effectiveness of this
technique is demonstrated by the output characteristics of a working device, in which D/S
electrodes in PANI ES were direct printed on the substrate.
The coated semiconductor, as well as the insulator, does not present any dependence on the method
used. Transistors with spin coated and blade doctored semiconductor and insulator showed
comparable output characteristics. They also demonstrated that, for a roll-to-roll continuous
process, clean-room conditions are not required. However, the problem to make vias through
continuous films remains.
For overcoming this problem, two innovative ways were found promising. Some preliminary results
showed that by means of flexo-printing it is possible to directly pattern the semiconductor without
increasing the viscosity of the solution, but further studies are still required. A second new concept
consists in directly printing the doping agent on or under the semiconducting layer, thus creating
conductive structured areas and also semiconducting structured areas in the same film. The
interesting output characteristics of a transistor showed the potential of this alternative approach.
However, deeper studies and a rigorous electrical characterisation of the conductive areas are still
required to improve the performance of the devices.
The possibility to realise printed organic transistors and relative integrated circuits was recently
demonstrated (32). In addition, the traditional printing techniques, eventually with marginal
improvements, seem adequate to support a mass production of organic electronics. What is still
missing for a successful break through of this emerging technology is a deep knowledge of how to
handle the conjugated polymers. After almost 20 years, there still exists a division between the three
sciences (chemistry, physics, and engineering) involved in developing it. This work is a
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contribution to close this division. In this research, it was shown that the same material could
behave as semiconductor or conductor, and, in this latter case, it could be an ohmic or non-ohmic
conductor, simply by changing the process and its parameters.
The actual demand for new materials with enhanced performance is shareable, but, to satisfy it,
further efforts must be made to understand how the performance of these polymers is influenced by
production techniques, and which conditions enhance the required electrical characteristics.
Appendix A: the Impedance Spectroscopy (IS)
Frequency conductivity and dielectric relaxation measurements have proven to be valuable in
giving rich additional information on the conductivity mechanism that DC conductivity
measurements alone do not provide. For this reason, the technique (240-242) has been used
extensively in many research areas (233) in condensed matter physics, glass science, materials
science, and polymer science. The study of frequency conductivity relaxation is subject that is
interdisciplinary in nature. It is the major tool for the study of ionic conduction in glasses (243-245),
ceramics (246, 247), fused salts (248), liquid (249), and solid electrolytes (246, 250) and in
polymeric materials (240, 241). In electron physics there is a long tradition of using frequency
conductivity relaxation (often referred to as AC conductivity by physicists) to study electronic
hopping conduction in doped semiconductors on the insulator side of the IMT transition. The
relaxation behaviour and its dependences on temperature and doping level are relevant for an
understanding of the nature of the IMT (251). A similar situation occurs in the electronic AC
conductivity studies of amorphous semiconductors (252, 253) such as the calcogenide glasses and
amorphous insulators such as SiO2. Again the AC conductivity measurements are considered in
relation to electronic structure and transport mechanism.
Impedance spectroscopy, like all kinds of spectroscopy, is based on measuring the answer of a
material to a known stimulus. The intrinsic properties of the material are then extrapolated by
means of a suitable mathematical model (254).
A.1 The importance of interfaces
At an interface (232), physical properties - crystallographic, mechanical, compositional, and,
particularly, electrical - change precipitously and heterogeneous charge distributions (polarizations)
reduce the overall electrical conductivity of a system. Proliferation of interfaces is a distinguishing
feature of solid state electrolytic cells, where not only is the junction between electrode and
electrolyte considerably more complex than in aqueous cells, but the solid electrolyte is commonly
polycrystalline. Each interface will polarise in its unique way when the system is subjected to an
applied potential difference. The rate at which a polarised region will change when the applied
voltage is reversed is characteristic of the type of interface: slow for chemical reactions at the triple
phase contacts between atmosphere, electrode, and electrolyte, appreciably faster across grain
boundaries in the polycrystalline electrolyte (232). The emphasis in electrochemistry has
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consequently shifted from a time/concentration dependency to frequency-related phenomena, a
trend toward small-signal AC studies. Electrical double layers and their inherent capacitive
reactances are characterised by their relaxation times, or more realistically by the distribution of
their relaxation times. The electrical response of a heterogeneous cell can vary substantially
depending on the species of charge present, the microstructure of the electrolyte, and the texture and
nature of the electrodes (232).
Impedance spectroscopy is a relatively new and powerful method of characterising many of the
electrical properties of materials and their interfaces with electronically conducting electrodes. It
may be used to investigate the dynamics of bound or mobile charge in the bulk or interfacial regions
of any kind of solid or liquid material: ionic, semiconducting, mixed electronic-ionic, and even
insulators (dielectrics) (232).
A.2 The basic IS experiment
Electrical measurements to evaluate the electrochemical behaviour of electrode and/or electrolyte
materials are usually made with cells having two identical electrodes applied to the faces of a
sample in the form of a circular cylinder or rectangular parallelepiped. However, if devices such as
chemical sensors or living cells are investigated, this simple symmetrical geometry is often not
feasible (232).
The general approach is to apply an electrical stimulus (a known voltage or current) to the
electrodes and observe the response (the resulting current or voltage). It is virtually always assumed
that the properties of the electrode-material system are time-invariant, and it is one of the basic
purposes of IS to determine these properties, their interrelations, and their dependences on such
controllable variables as temperature, oxygen partial pressure, applied hydrostatic pressure, and
applied static voltage or current bias (232).
A multitude of fundamental microscopic processes take place throughout the cell when it is
electrically stimulated and, in concert, lead to the overall electrical response. They include the
transport of electrons through the electronic conductors, the transfer of electrons at the electrode-
electrolyte interfaces to or from charged or uncharged atomic species, which originate from the cell
materials and its atmospheric environment (oxidation or reduction reactions), and the flow of
charged atoms or atom agglomerates via defects in the electrolyte (232). The flow rate of charged
particles (current) depends on the ohmic resistance of the electrodes and the electrolyte and on the
reaction rates at the electrode-electrolyte interfaces. The flow may be further impeded by band
structure anomalies at any grain boundaries present (particularly if second phases are present in
these regions) and by point defects in the bulk of all materials (232). We shall usually assume that
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the electrode-electrolyte interfaces are perfectly smooth, with a simple crystallographic orientation.
In reality of course, they are jagged, full of structural defects, electrical short and open circuits, and
they often contain a host of adsorbed and included foreign chemical species that influence the local
electric field (232).
A.3 Mathematical description of the IS
There are three different types of electrical stimuli which are used in IS (232). First, in transient
measurements a step function of voltage [V(t) = V0 for t > 0, V(t) = 0 for t < 0] may be applied at t =
0 to the system and the resulting time-varying current i(t) measured. The ratio V0/i(t), often called
the indicial impedance or the time-varying resistance, measures the impedance resulting from the
step function voltage perturbation at the electrochemical interface. This quantity, although easily
defined, is not the usual impedance referred to in IS. Rather, such time-varying results are generally
Furrier-transformed into the frequency domain, yielding frequency-dependent impedance. Such
transformation is only valid when |V0| is sufficiently small that system response is linear. The
advantages of this approach are that it is experimentally easily accomplished and that the
independent variable, voltage, controls the rate of the electrochemical reaction at the interface.
Disadvantages include the need to Fourier-analyse the results and the fact that the frequency
spectrum is not directly controlled, so the impedance may not be well determined over all desired
frequencies (232).
A second technique in IS is to apply a signal v(t) composed of random (white) noise to the interface
and measure the resulting current. Again, one generally Fourier-transforms the results to pass into
the frequency domain and obtain an impedance. This approach offers the advantage of fast data
collection because only one signal is applied to the interface for a short time. The technique has the
disadvantages of requiring true white noise and then the need to carry out a Fourier analysis, which
can be computationally difficult and time-consuming (232).
The third approach, the most common and standard one, is to measure impedance directly in the
frequency domain by applying a single-frequency voltage to the interface and measuring the phase
shift and amplitude, or real and imaginary parts, of the resulting current at that frequency (232),
which is the method described here following.
A system subjected to a stimulus will have its own characteristic answer sample (254). The
relationship between answer and stimulus is given by an answer function. In general, the answer
induced by an external stimulus, for a linear system, can be written as following:
X(a, t) = ∫
∞
∞−
G (a, a’, t, t’) f(a’, t’) da dt                                       (1)
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Eq. (1) describes the answer X(a, t) of a system in the point a at the time t to the stimuli f(a’, t’) at
all the times t’ at all the points a’. The function G(a, a’, t, t’) is called answer function. With the
hypothesis that the stimulus is a sinusoidal wave and that what happens in a particular locus is
dependent only on the field existing in that locus (local approximation), equation (1) can be written
as:
X(t) = ∫
∞
∞−
G (t-t’) f(t’) dt’                                                             (2)
Eq. (2) describes the answer of a system as the summation of the answers of all the loci a, excluding
the possibility that the answer of each single locus a could became itself a stimulus.
If the need that the system should be causal is included, in other words, that there is no answer
before the stimulus, then:
G(t - t’) ≡ 0             for t < t’                                                        (3)
This way one can say that the answer function describes the answer of a system at time t after a
stimulus applied at a previous time t’.
With the aim of converting the product under the integral into a simple product, it is useful to apply
Fourier-transform, which allows us to write:
X(ω) = G(ω)⋅f(ω)                                                                        (4)
Thus, in terms of the Fourier-transform, a monochromatic stimulus f(ω), multiplied by a number
G(ω), gives an answer X(ω).
From Eq. (4), we obtain:
G(ω) = X(ω)/f(ω)                                                                         (5)
Therefore, knowing stimulus and answer, it is possible to obtain the answer function or transferring
function. Because the latter describes the characteristics of the system under test, it is evident that,
in principle, from the study of this function, it is possible to obtain information on the system itself.
From a practical point of view, the accuracy and the measuring unit determine which perturbation is
more convenient to apply in order to test the system.
For an electrochemical system, the stimulus could be the voltage, which will assume the following
shape:
V = Vm⋅eiωt                                                                              (6)
Vm is the module of the tension that means the maximum value. The answer measured under
stationary conditions, in other words when the initial transitory behaviour could be considered damp
enough, is the current and it has the following shape:
I = Im⋅eiωt’                                                                             (7)
Im is the modulus of the current.
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Applying Eq. (5), the following expression is obtained:
G(ω) = Im⋅eiωt/ Vm⋅eiωt = (Im/Vm)⋅eiωt’-iωt = Ym⋅eiψ                             (8)
In which Ym is the modulus of a complex quantity called admittance (Y) and ψ = ω∆t. Eq. (8) can be
written also in the following way:
Y = Ym⋅eiψ = Y’+iY”                                                                  (9)
Where:
Y’ = Ym⋅cos(ψ)                                                                           (10)
Y” = Ym⋅sen(ψ)                                                                           (11)
The impedance (Z) is defined as the reversal of the admittance:
Z = 1/Y = (1/Ym)⋅e-iψ = Z’-iZ”                                                       (12)
With:
Z’ = Zm⋅cos(ψ)                                                                 (13)
Z” = Zm⋅sen(ψ)                                                                 (14)
A.4 Data acquisition and representation
This Technique is based, as seen before, on applying to the sample, sandwiched between two
electrodes, a sinusoidal signal with constant amplitude and then analysing the answer of the system.
A first problem consists in applying the electrodes in order to minimise the contact defects with the
material under test. One solution is given by the use of liquid mercury electrodes or by deposition of
precious metals (gold or platinum) on the surface of the material, if it is solid. In the case of liquids,
it is enough to immerse two parallel electrodes. These electrodes have a known area and are
precisely spaced.
Then the instrument sends the stimulus, generally a tension with variable frequency, and registers
the answer, namely current intensity and phase shift with respect to the tension, and finally, using
the Ohm law for alternating currents, calculates the impedance (Z).
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The Cole-Cole plots are obtained by representing, in a system of Cartesian co-ordinates the real (Z’)
and imaginary (Z”) as parts of
the impedance.
The equivalent circuit, which
describes those curves, is
generally made with a series of n
meshes constituted by electrical
elements in series or in parallel
(fig. A.1).
In the case of a simple
electrochemical system, for
instance, the two circuits at the
extremes represent anode and
cathode. When they are made in
the same material, the two curves
coincide. The circuit in the
middle represents the electrolyte.
The measurements, described
until now, are still a function of the sample’s geometry. In order to get an intrinsic value, the
resistance (RE), given by the diameter of the curves, should be extrapolated. Then the material
conductivity (σ) is given by σ = L/(RE⋅A), with L = distance between the electrodes and A = area
covered by the electrodes.
A.5 Conclusion
It can be said that this measuring technique is a useful help for calculating the values of resistance
and capacitance of a system, when a well-defined circuit (equivalent circuit) can be associated to
that system. It should be underlined, for the sake of honesty, that, in experimental reality, the plots
of the answer functions are rarely so clearly defined as in the examples reproduced above. Very
often they are more or less incomplete. The causes could be limits in the frequency range available
or the non-ideal behaviour of the circuits under test.
Their interpretation is sometimes difficult and sometimes uncertain. Nevertheless, the experience of
the operator and the integration of this technique with other types of measurements, in most cases,
can be a great help for the resolution of the circuits.
Fig. A.1 (a) Cole-Cole plot (up) relative to a circuit (down) with a
series of 3 meshes RC parallel; f = frequency.
R1
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